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Zusammenfassung
Die Photovoltaik gilt als eine der zukunftsweisenden Technologien, um die fossilen
Energieträger zu ersetzen und den Ausstoß von Treibhausgasen zu reduzieren. Der
Großteil des Solarmarktes wird bis heute von Si-basierten Solarzellen abgedeckt,
welche sich vor allem durch ihren hohen Wirkungsgrad auszeichnen. Allerdings ist
die Herstellung mit einem sehr hohen Energie- und Materialeinsatz verbunden, was
zu einer langsamen energetischen und wirtschaftlichen Amortisationszeit führt. Dies
lenkte das Interesse auf Kesterit- und Chalkogenid-basierte Dünnschichtsolarzellen,
welche diese Hindernisse überwinden und zusätzliche noch weitere Vorteile bieten,
wie exzellente optische Eigenschaften und mechanische Flexibilität. In den letzten
Jahrzehnten konnte der Wirkungsgrad dieser Solarzellen stetig gesteigert werden.
Trotzdem ist dieser noch geringer als die theoretisch vorhergesagte Obergrenze. Dies
wird insbesondere auf Inhomogenitäten in der Absorberzusammensetzung, struk-
turelle Defekte sowie der Bildung von Sekundärphasen zurückgeführt. Das Ziel dieser
Arbeit ist es daher, Einblicke in Effizienz limitierende Eigenschaften hocheffizien-
ter Kesterit- und Chalkogenid-basierter Dünnschichtsolarzellen zu erhalten, indem
die lokale Zusammensetzung mit strukturellen, mikrostrukturellen und funktionalen
Eigenschaften korreliert wird.
Eine Methode, Kesterit Cu2ZnSnSe4 (CZTSe) Absorber herzustellen, ist die Abschei-
dung von Cu, Zn und Sn Vorläuferschichten mittels Kathodenzerstäubung, welche
beim anschließenden Erhitzen in Se Atmosphäre zu CZTSe reagieren. Kürzlich wurde
gezeigt, dass sich Rekordeffizienzen durch die Abscheidung einer dünnen Ge Vorläufer-
schicht realisieren lassen. Insbesondere das Wachstum großer Körner mit einer außer-
gewöhnlich homogenen Elementverteilung und die Abwesenheit schädlicher Cu-, Zn-
oder Sn-basierten Sekundärphasen tragen zu dieser Effizienzsteigerung bei. Es ist
vorteilhaft, dass diese Homogenität auch für die präferierten Cu armen und Zn reichen
Wachstumsbedingungen erreicht werden. Lediglich die Grenzflächen zum Front- und
Rückkontakt zeigen Variationen in der lokalen Zusammensetzung und werden als
einer der Hauptfaktoren, die die Leistung begrenzen, identifiziert. Das abgeschiedene
Ge wird innerhalb des Absorbers heterogen in die CZTSe Matrix eingebaut, verändert
durch die geringe Konzentration die optischen und elektrischen Eigenschaften des
Absorbers jedoch nur geringfügig. Neben dem Einbau in die CZTSe Kristallstruktur
bildet es nanoskalige GeO2 Sekundärphasen, die ungleichmäßig im Absorber verteilt
sind und sich vermutlich negativ auf die Effizienz auswirken.
Um die optischen Eigenschaften besser an das Spektrum der Sonne anzupassen,
kann ein Teil des Selens durch Schwefel ersetzt werden. Hocheffiziente Kesterit
Cu2ZnSn(S,Se)4 (CZTSSe) Dünnschichtsolarzellen mit einer Effizienz von bis zu 12.6 %
werden häufig unter Verwendung von giftigem Hydrazin hergestellt. Eine Alternative
bildet ein ungiftiger Ansatz, dessen Basis ein Wasser-Ethanol-Gemisch ist, in dem
Cu-Zn-Sn-Sulfidkolloide gelöst sind. Dieses wird auf den Mo Rückkontakt gesprüht
und in einer Se Atmosphäre erhitzt, was zur Bildung des CZTSSe Absorbers führt.
Die Untersuchung der lokalen Zusammensetzung weist auf die Bildung schädlicher
ZnS(Se) Sekundärphasen hin, deren Existenz, Anzahl und Dimension mit der Re-
duktion des Cu und der Erhöhung des Zn Gehalts stark zunimmt. Darüber hinaus
zeigt die lokale Zusammensetzung der CZTSSe Phase starke Variationen innerhalb des
Absorbers, die die Effizienz maßgeblich reduziert.
Unter den Dünnschichtsolarzellen ist Chalkogenid Cu(In,Ga)Se2 (CIGS) mit einem
Rekordwirkungsgrad von 23.35 % eines der effizientesten Materialsysteme. Durch die
Nachbehandlung mit schweren Alkalimetallen wie Rb konnten in den letzten Jahren
immer wieder neue Rekordeffizienzen erzielt werden. Schwere Alkalis agglomerieren
insbesondere an den Grenzflächen zum Front- und Rückkontakt sowie an zufällig
angeordneten Korngrenzen. Durch den simultanen Nachweis der lokalen Zusam-
mensetzung und Funktionalität zeigt diese Arbeit, dass Rb-angereicherte Korngrenzen
im Vergleich zu ihren benachbarten Körnern einen vernachlässigbaren Einfluss auf die
Sammeleffizienz aufweisen, was auf die Passivierung schädlicher Defekte hinweist.
Abstract
Photovoltaics is considered as one of the most promising technologies for the replace-
ment of fossil fuels and the reduction of greenhouse gas emissions. To date, the majority
of the solar market is still covered by Si-based solar cells, which are characterized above
all by their high efficiency. However, their production involves a very high energy and
material expenditure, which leads to a slow energetic and economic payback time.
This directed the interest to kesterite- and chalcogenide-based thin film solar cells,
which overcome these obstacles and offer additional advantages like excellent optical
properties and mechanical flexibility. Over the past decades, the efficiency of these
solar cells has been steadily increased. Nevertheless, the efficiency is still below the
theoretically predicted upper limit. This is mainly related to inhomogeneities in the
absorber composition, structural defects, and the formation of secondary phases. The
aim of this thesis is therefore to gain insights into efficiency-limiting properties of
highly efficient kesterite- and chalcogenide-based thin film solar cells by correlating
the local composition with structural, microstructural, and functional properties.
One technology to synthesize kesterite Cu2ZnSnSe4 (CZTSe) absorbers is the depo-
sition of Cu, Zn and Sn precursor layers by sputtering, which react to CZTSe when
subsequently heated in Se atmosphere. Recently, it was demonstrated that record
efficiencies can be achieved by the deposition of a thin Ge precursor layer. Especially
the growth of large grains with an exceptionally homogeneous element distribution
and the absence of harmful Cu-, Zn- or Sn-based secondary phases contribute to
this efficiency increase. This excellent homogeneity is even achieved for the preferred
Cu-poor and Zn-rich growth conditions. Solely the interfaces to the front and back
contact show variations in local composition and are identified as one of the main
performance-limiting factors. Within the absorber, the deposited Ge is heterogeneously
incorporated into the CZTSe matrix, but due to its low concentration, the optical and
electrical properties of the absorber change only to a minor extent. In addition to the
incorporation into the CZTSe crystal structure, it forms nanoscale GeO2 secondary
phases that are unevenly distributed throughout the absorber and have presumably a
negative impact on the conversion efficiency.
To adjust the optical properties to the solar spectrum, selenium can be partially substi-
tuted by sulfur. Highly efficient kesterite Cu2ZnSn(S,Se)4 (CZTSSe) thin film solar cells
with an efficiency of up to 12.6 % are often synthesized using a toxic hydrazine-based
process. An alternative approach is based on a non-toxic water-ethanol mixture in
which Cu-Zn-Sn sulfide colloids are dissolved. This mixture is sprayed onto the Mo
back contact and heated in a Se atmosphere, which leads to the formation of the
CZTSSe absorber. Investigations of the local composition indicate the formation of
harmful ZnS(Se) secondary phases whose presence, number and dimension increases
strongly with the reduction of Cu and the increase of Zn content. Furthermore, the
local composition of the CZTSSe phase shows strong variations within the absorber,
which significantly reduces the efficiency.
Among all thin film solar cells, chalcogenide Cu(In,Ga)Se2 (CIGS) is one of the most
efficient material systems with a record power conversion efficiency of 23.35 %. In
recent years, post-deposition treatments with heavy alkali metals like Rb have re-
peatedly enabled new record efficiencies. Heavy alkalis agglomerate especially at the
interfaces to the front and back contact as well as at random grain boundaries. In a
combinatorial approach, which simultaneously monitors the local composition and
device functionality, this work demonstrates that Rb-enriched grain boundaries have a
negligible influence on the collection efficiency compared to their neighboring grains,
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1. Introduction
The globalization and growing world population has lead to a constantly increasing
energy consumption, which is predicted to grow by nearly 50 % until 2050 [1]. The
current energy production is accompanied by the emission of greenhouse gases, which
are one of the main causes for climate change and endangers life on earth. On Decem-
ber 12th 2015, nearly all nations of the world agreed to join an unprecedented alliance
to save the planet, the Paris Agreement [2]. It envisages limiting the rise in the average
temperature of the earth by 2040 to well below 2 ◦C, if possible to 1.5 ◦C, compared to
the pre-industrial average temperature.1 This can only be achieved by a substantial
reduction in the emission of greenhouse gases, especially CO2. From 2050, the plan
intends to completely avoid emissions and thus the burning of fossil fuels. Despite
specified goals, the combustion of oil, natural gas, and coal increased in the last years
[3]. Even in 2019, CO2 emission increased to about 36.8 Gt/year, which is an increase
about 0.6 % compared to 2018 [4]. This trend is also reflected in the achievability of the
targets, as most countries are already failing to meet their climate goal accompanied
with an unsatisfactory forecast [5]. These worrying signs are particularly taken up by
the younger generation and led to the global social movement ”Fridays for Future” [6].
This movement has increased the awareness for the critical environmental situation
and strengthened the demand for renewable energies.
Along with the social and political upheaval, scientists try to develop (cost-) efficient
and emission free alternatives to fossil energy sources. Several models predict that the
energy supply of the future has to be covered by different technologies, like solar-,
water-, wind power, etc. [7–10]. However, most studies regard solar energy as one of
the most promising resources [7–9]. This becomes apparent, when considering that
already 90 minutes of the sun’s energy reaching earth corresponds to today’s annual
global energy consumption [11].
One possibility to use the energy provided by the sun is the direct conversion into
electricity using solar cells. With a share of about 95 %, Si-based solar cells are currently
the most common on the market [12]. However, the production of these photovoltaic
modules has decisive disadvantages, particularly in terms of highly energy-consuming
and cost-intensive production [13]. A promising alternative are polycrystalline thin-film
solar cells, which are not only characterized by their energy-efficient production but
1The pre-industrial average temperature is the value of 1750, i.e., 13.42 ◦C.
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also by their low material expenditure [14–16]. Moreover, they provide mechanical
flexibility and low weight [17–20] enabling novel application possibilities, such as
building-integrated photovoltaic on curved surfaces or roof top application where Si
solar cells are to heavy [21]. Especially Cu(In,Ga)Se2 (CIGS) solar cells have gained
great attention due to their non-toxic constituents and one of the highest efficiencies
among all thin film devices, even outperforming polycrystalline Si cells [22]. Never-
theless, the efficiency is still well below the theoretically predicted Shockley–Queisser
limit of about 33 % for a single junction solar cell [23, 24]. The recent breakthrough
that boosted the conversion efficiency to 23.35 % [25] was achieved by applying heavy
alkali-fluoride post deposition treatments (PDT), which especially improved the open
voltage (VOC) deficit [26]. Further optimization of these solar cells requires a deeper
understanding on the effects of heavy alkali metals on the properties of the CIGS
absorbers. In particular, the behavior of alkalis at the interfaces, especially at the grain
boundaries, is of exceptional interest.
An emerging problem of CIGS is the limited availability of In and Ga in the earth
crust [27, 28]. Proceeding from CIGS, Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), and
Cu2ZnSn(S,Se)4 (CZTSSe), so called kesterites, were derived by isoelectronic substitu-
tion of the rare elements by earth-abundant Zn and Sn [28]. Due to the similarities to
CIGS and together with its earth-abundance and non-toxic constituents, kesterites are
considered as a promising candidate to revolutionize the solar cell market. However,
the current record efficiency is still limited to 12.6 % [29]. To narrow the efficiency-gap
to other thin film solar cell materials and Si-based solar cells, a deep understanding of
the martial properties that limit the conversion efficiency is indispensable.
In order to steadily promote the expansion and market potential of these emerging
thin film solar cell materials, the power conversion efficiency has to be increased. Thus,
three key challenges were identified and addressed within the scope of this thesis, in
order to get a more comprehensive understanding of performance limiting properties
in state-of-the-art CIGS, CZTSe, and CZTSSe thin film solar cells:
i. The composition of the absorber components as well as absorber inhomogeneities
on different size scales affects the efficiency of thin film solar cell significantly
[30–33]. These inhomogeneities include variations in local composition, structural
defects such as grain boundaries but also secondary phases [30, 34–36]. The
latter is often associated with a discrepancy between intended and realized
absorber composition [35, 36]. Typically, the integral composition is probed,
which obviously does not represent the complete picture of such complex material
systems. A deeper understanding on the origin of efficiency-limiting properties in
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devices, however, requires to track the spatially resolved composition and phase.
Typical methods to resolve the local composition in the nano- and subnanometer
range like transmission electron microscopy energy-dispersive X-ray spectroscopy
or electron energy loss spectroscopy are often limited to small sections [37–39].
Furthermore, applications such as atom probe tomography are destructive [40–
43], which limits the use of complementary measurement methods. Techniques
that overcome these limitations allow to get a comprehensive picture of the
composition and their fluctuations in the absorber.
ii. The multivalent character of Sn in kesterite solar cells, with the ability to form +II
and +IV oxidation states is expected to be one of the major obstacles, limiting the
VOC [44–46]. To overcome this limitation, CZTSe can be alloyed with Ge, which
substitutes Sn and decreases the probability for Sn2+ states [47, 48]. However, it
was recently demonstrated that adding even small amounts of Ge during the
absorber synthesis strongly enhances the conversion efficiency by improving the
VOC [41, 49, 50]. In particular, the localization and distribution of Ge after the
absorber growth, as well as possible effects on the efficiency, are required in order
to get a more detailed understanding of the improvement.
iii. The positive impact on the morphology and electrical properties of Na that is
provided during the growth of CIGS absorbers has drawn attention to alkali
elements [51, 52]. It was quickly discovered that Na can improve the electrical
properties of such devices, even when it is incorporated after the growth by
PDT [53]. Consequently, the effects of heavier alkali elements were investigated.
In recent years, particularly the addition of Rb and Cs has repeatedly enabled
achieving record efficiencies [25, 54, 55]. Agglomerates of the heavy alkalies are
especially formed at the front and back contact interfaces as well as at selected
grain boundaries [56–62]. The effect of these accumulations, primarily in terms
of grain boundary passivation, is controversially discussed [58, 63–65]. Gaining
insights into the role of heavy alkalis at grain boundaries is therefore required to
understand the improvement by PDTs.
Following this introduction, this thesis begins with an overview of the intrinsic prop-
erties of CIGS and the device structure of CIGS solar cells. Chapter 2 - Fundamentals
also introduces the current knowledge of alkali metals in CIGS and possible explana-
tions of the improved efficiency. This is followed by an introduction into the intrinsic
properties of CZT(S,Se) as an absorber material for thin film solar cells and differences
of the device structure compared to the CIGS counterpart. Furthermore, the current
understanding of the effects of small amounts of Ge offered during growth of CZTSe
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is presented. Finally, this chapter introduces X-ray matter interaction. Chapter 3 -
Experimental Methods briefly describes the experimental methods used within this
thesis, including the sample preparation as well as the different characterization tech-
niques. Chapter 4 - Characterization of stoichiometric, homogeneous, single-phase
Cu2ZnSnSe4 highlights the urgency to calibrate the performed measurements and
points out the required experimental uncertainties. The following chapters focus on
the three challenges, as identified before.
Chapter 5 - Germanium incorporation in homogeneous Cu2ZnSnSe4 solar cells in-
vestigates three Ge-doped solar cells with varying nominal compositions and different
level of performance, which were prepared by a sequential process. It highlights the
correlation of the local composition with the off-stoichiometry types and the different
electrical device parameters. Furthermore, the spatially resolved Ge distribution is
shown and correlated with the microstructure, giving access to possible performance-
limiting features. Finally, the local environment of Ge is probed, giving access to the
short-range structural order. Parts of the results were published in references [66–68].
In Chapter 6 - Interplay of performance-limiting nanoscale features in
Cu2ZnSn(S,Se)4 solar cells three CZTSSe absorbers with different nominal composi-
tions and level of performance, synthesized using a non-toxic spray coating process,
are discussed. The interplay between the local composition and its variations in de-
pendence of the nominal composition is revealed and the different performances are
explained. Furthermore, the microstructure is correlated with variations in compo-
sition and their effects on efficiency. Consequently, conclusions can be drawn about
the factors limiting the conversion efficiency in these devices. Parts of this chapter are
published in reference [67].
Chapter 7 - Local electrical properties of Rb-enriched grain boundaries in
Cu(In,Ga)Se2 solar cells gains detailed insights into the local elemental distribution
and functionality of a highly efficient CIGS solar cell subjected to a RbF-PDT. Variations
in the composition can be identified, which have a beneficial effect on the collection
efficiency. Furthermore, the passivation of random grain boundaries by Rb is discussed.
Parts of this chapter are published in reference [69] and in the master’s thesis of
Christian Plass [70].
Chapter 8 - Conclusion and outlook summarizes the main results of this thesis with
respect to the three challenges and an outlook to future work is given.
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2. Fundamentals
This chapter summarizes fundamental properties of chalcogenide as well kesterite thin
film solar cells and provides an introduction to X-ray matter interaction.
2.1. Cu(In,Ga)Se2 thin film solar cells
The ternary semiconductor compound Cu(In,Ga)Se2 has unique properties that enable
its use as absorber material for thin film solar cells. CIGS is a direct semiconductor,
accompanied with a very high absorption coefficient of ∼ 105 cm−1 [71, 72]. This allows
efficient absorption of the solar spectrum already for layer thicknesses of only 1-2 µm,
which translates into substantial material savings. Furthermore, such low thicknesses
allow to produce mechanically flexible solar cells by utilizing substrates such as
polymers, metal foils or ultra thin glasses in addition to the commonly used soda-lime
glass [17–19]. Another advantage is the simplified manufacturing process and especially
the lower growth temperature of polycrystalline CIGS compared to single crystalline
silicon, which leads to an additional cost reduction [13]. The typical polycrystallinity
does not automatically lead to significant losses, since grain boundaries in CIGS do
not necessarily have a negative effect on the electrical properties [73, 74]. In addition to
the already mentioned advantages, CIGS possesses long-term stability [16] and a short
energy payback time [14, 15].
2.1.1. Crystal structure and properties of CIGS
The quaternary system CIGS crystallizes in the chalcopyrite structure (space group
I4̄2d), which is based on a tetragonal Bravais lattice. The primitive cell in figure 2.1
shows that every cation is surrounded by four anions and vice versa while both In and
Ga share one lattice site. The anions occupy the Wyckoff position 4a and 4b for Cu and
group III atoms, respectively, whereas Se is located at the 8d position.
Remarkably, the crystal structure of CIGS does not change for a wide range of off-
stoichiometric compositions. Such deviations from the 1:1:2 (Cu:In/Ga:Se) proportion
can be expressed by the Cu/(Ga+In) (CGI) and Ga/(Ga+In) (GGI) ratio.1 Deviations
1Here, the cations denote the atomic concentrations, usually written as [Cu]/([Ga]+[In]) and
[Ga]/([Ga]+[In]), but for reasons of readability the square brackets are omitted.
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Figure 2.1.: Tetragonal unit cells of the chalcopyrite structure. Each anion is surrounded by four cations
and vice versa. In and Ga share the same lattice site. Additionally, the Wyckoff positions are labeled.
from stoichiometry have a major impact on the electronic and optical properties. By
changing the composition to Cu-rich conditions (CGI > 1), the charge carrier mobilities
and lifetimes increase, but similar also interface and tunneling recombination, which
yields to a very poor overall solar cell performance [75]. In contrast, Cu-poor conditions
(CGI < 1) have reduced mobilities and lifetimes, but are currently the best choice for
highly efficient thin film solar cells [25, 54, 55].
Another important property of Cu(In1−xGax)Se2 (x ∈ [0, 1]) is the tunable band gap in
dependence on the GGI. Correspondingly, through a change of the gallium content
x the band gap EG can be adjusted from 1.04 eV for ternary CuInSe2 (CIS) to 1.68 eV
for CuGaSe2 (CGS) [76, 77]. Thus, the band gap can be easily adjusted to the solar
spectrum. The increase of the band gap is continuous, but not completely linear and
can be described by:
EG = (1 − x)EG,CuInSe2 + xEG,CuGaSe2 − bx(1 − x), (2.1)
where b denotes the bowing parameter [78]. In literature, b varies between 0.11 and
0.24 [76, 79], but within this thesis 0.16 is assumed as recently reported [78].
2.1.2. Intrinsic point defects and defect complexes in CIGS
CIGS semiconductors have a complex defect structure with many possible point defects.
These point defects can be ionized either by releasing an electron (donor) or by binding
an electron (acceptor), which strongly affects the electronic properties [31]. The latter
depend on the position within the bang gap. When the defect states are located close to
the valence or conduction band, so called shallow defects, they have a small ionization
energy (∼ kBT) and are responsible for the doping of the material. Furthermore, their
impact on the charge carrier recombination is low, since trapped electrons can be
easily released. In contrast, deep defects have an ionization energy much higher than
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kBT and do not contribute to the doping. Furthermore, trapped carriers cannot be
released at moderate temperatures and recombine radiatively or non-radiatively via
Shockley–Read–Hall (SRH) recombination [80, 81] either with an electron or hole,
which is detrimental for solar cells. Thereby, the probability of recombination increases
exponentially the closer the defect state is located to the center of the band gap [82].
The presence and number of defects strongly depend on their formation energy. The
formation probability is influenced by the chemical potential [83] that is given by
the growth conditions [84, 85] and thus by the CGI and GGI [86]. Within this thesis,
only Cu-poor CIGS solar cells were investigated. Thus, this section gives a very brief
introduction on defects for such conditions. According to the Kröger-Vink notation
[87], defects are labeled as VA (vacancy), Ai (interstitial), and AB (anti-site). A and B
denote random atoms in the crystal, V a vacancy and i an interstitial.
The defect with the lowest formation energy is the Cu vacancy (VCu), forming a shallow
acceptor state. Due to the low ionization energy, it is associated with intrinsic p-type
doping [86, 88, 89], which is observed for both CIS and CGS. In contrast, In-rich
conditions yield to n-type conductivity for CIS [86, 90–92], due to the higher formation
of InCu anti-site defects [93]. Thus, both compounds show intrinsic doping, which
in turn makes external doping unnecessary. For the ternary CIGS compound the
p-type conductivity is usually preferred, since in this case the minority charge carriers
(electrons) have a higher mobility than the holes [94]. A more detailed overview about
the defects in CIGS is given in references [86, 95].
Point defects can form defect complexes by Coulomb attraction between ionized
donors and acceptors, when they are close enough to each other [86]. Due to the low
formation energy of electrically neutral defect pairs, such as (2V−Cu + In
2+
Cu), CIGS is
considered as a self-compensated semiconductor. In consequence, slight variations
of the stoichiometry barely influence the doping concentration. A detailed overview
about the defect complexes is illustrated in references [86, 88, 96].
2.1.3. Device structure of CIGS solar cells
Highly efficient CIGS solar cells are typically produced in the substrate configuration.
The cross-section with the typical layers is shown in figure 2.2. The most common
substrate is soda-lime glass (SLG), which is both cheap and available in large quantities.
It also has the advantage that sodium located in the glass can diffuse into the absorber
at high temperatures during the synthesis [97–99] (see section 2.1.4).
A metallic back contact is sputtered on the substrate, which ideally forms an ohmic
contact to the absorber. The transition metal Mo with a low specific resistivity of 10 to
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Figure 2.2.: Schematic illustration (a) and SEM image (b) of the cross-section of a CIGS solar cell. On
top of the glass substrate a Mo back contact is deposited with a selenized interface to the absorber. The
p-type CIGS absorber forms a hetero-junction with the n-type CdS layer and is contacted with an ZnO
front contact as well as a metallic grid.
30 µΩcm [100], is well suited for this purpose. However, if Mo is in direct contact with
CIGS, a Schottky barrier with a barrier height of 0.3 - 0.8 eV (for CIS) is created [101,
102]. This barrier is lowered by formation of a few 10 nm thick MoSe2 layer during
selenization and an ohmic contact forms [103–105].
The absorber layer follows on the back contact. Two processes have been established
for absorber deposition: co-evaporation and the sequential process. Both processes are
suitable for industrial applications and lead to very high efficiencies [55, 106]. Within
this thesis the CIGS solar cell was produced by co-evaporation (for details see section
3.1.4). Briefly, the grown absorber itself is polycrystalline with grain sizes ranging from
a few 100 nm to several µm, as a function of the Ga content [107]. The polycrystallinity
naturally leads to the formation of grain boundaries. Here, it is necessary to distinguish
between Σ3 twin grain boundaries and non-Σ3 grain boundaries (also called random
grain boundaries). Σ3 twins are believed to be benign to the solar cell performance [33,
34, 108]. In contrast, random grain boundaries limit the conversion efficiency [33, 34,
108] due to the presence of defect states.
In Cu-poor absorbers a defect layer is formed at the surface of the absorber, which is Cu-
depleted, so called ”ordered defect compound” (ODC) [109]. In this layer, the valence
band shifts to a larger band gap [110, 111] and ensures that holes are transported away
from the hetero-junction, which reduces the interface recombination and increases the
open circuit voltage [112]. Besides the band gap widening, the conductivity is inverted
and a buried p-n junction is formed [109].
Although the surface of the CIGS absorber already forms a p-n junction, a buffer layer
is crucial to enhance the solar cell efficiency and to reduce interface recombination
[113]. This layer should meet the following criteria:
• large band gap to minimize absorption losses [114],
• good lattice match and band alignment between absorber and front contact [114],
12
2.1. Cu(In,Ga)Se2 thin film solar cells
• creation of a sufficiently large depletion zone to reduce tunnel-assisted recombi-
nation at the interface to the absorber [115, 116],
• complete coverage of the absorber layer and high reproducibility [109, 115],
• low defect density at the buffer-absorber interface [114],
• passivation of interface states [109],
• protection of the absorber from subsequent sputtering of the front contact [116],
• and easily upscalable [114, 117].
Most solar cells are produced with a ∼ 50 nm thick n-type CdS buffer, since it possesses
a large band gap of 2.4 eV and fulfills the previous mentioned criteria. It is usually de-
posited by chemical bath deposition (CBD) [54, 55, 73], as this process homogeneously
deposits the buffer layer and additionally removes impurities from the absorber surface
[114]. In addition, Cd diffuses into the absorber surface where it occupies the VCu and
forms donors states, which additionally supports the n-type inversion of the CIGS
surface [43, 118, 119]. At the same time, Cu diffuses into the buffer, which results
in an increase in photoconductivity in the CdS layer [117]. Since Cd is very toxic,
the search for alternatives is of great demand. Zn(O,S,OH) has recently gained great
attention, since it showed the highest efficiencies for CIGS thin film photovoltaics [25]
and is non-toxic. A comprehensive overview of alternative buffer as well as various
deposition techniques can be found in reference [120].
The buffer layer is usually covered with n-type ZnO as a transparent conductive layer
(TCO). It is optically transparent, due to the large band gap of approximately 3.20 -
3.40 eV [121]. ZnO is usually doped to increase the conductivity and to reduce ohmic
losses. However, direct deposition of doped ZnO might short circuit regions which
are not covered by the buffer layer [114]. Therefore, an intrinsic ZnO (i-ZnO) layer
is deposited with a thickness of several 10 nm and a resistivity of ∼ 106 Ωcm [122].
This isolates uncovered areas but does not significantly impede the vertical current
transport. The carriers are further collected by Al doped ZnO (Al-ZnO), which has a
specific electrical resistivity of ∼ 2 mΩcm [123].
Additional metallic grids are placed on the window layer to improve the current
collection. They are optimized by an interplay of excellent collection and minimized
shadowing of the underlying layers. To reduce the contact resistance, a system of
two metallic layers is often used, such as nickel and aluminum [53]. Finally, an anti-
reflection layer, such as MgF2, can be evaporated to increase the efficiency.
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2.1.4. Alkali elements in CIGS
It was discovered already in the 1990s that the electrical properties of CIGS solar cells
could be significantly improved by the incorporation of alkali metals into the absorber
[51, 52]. The greatest improvement in conductivity and charge carrier density was
observed for Na, which directed the focus mainly on this alkali metal. In 2013 the CIGS
community turned their focus on heavier alkali metals, since a solar cell with record
efficiency was developed by applying a post-deposition treatment with KF after the
absorber growth [53]. It soon became apparent that even higher efficiencies could be
achieved using heavier alkali elements elements like Rb and Cs [25, 54, 55]. The exact
origin of the improvement is not fully understood yet. Thus, in the following sections
a brief literature overview summarizes the accepted models regarding alkali elements
in CIGS.
Sodium
If sodium is offered during the growth of the absorber, either by diffusion from the
glass substrate or by the deposition of a NaF layer on top of the Mo back contact,
changes of the grain size were observed. Contradictory, there are reports on shrinking
grain sizes [124, 125] and on increasing [125, 126] grain sizes. Furthermore, the grains
tended to have the (112)-orientation [124, 126–128]. Besides morphological changes,
it also lead to an improved conductivity [52, 129], open circuit voltage [97, 124, 126,
129–131], and fill factor [126, 130]. These electrical improvements were also observed
for solar cells, where Na was supplied by a PDT [132]. This behavior was explained by
the the fact that Na was mainly found at the surfaces and grain boundaries [133–135].
However, a small fraction of Na was also found in the grain interior, where it likely
segregates at structural and point defects [42, 136].
Several suggestions were made to explain the improved performance. Theoretical
calculations by Wei et al. [137] proposed that the formation of NaCu and NaIn anti-site
defects are energetically favorable. While NaCu anti-sites are electrically inactive, NaIn
forms a shallow acceptor state [138] and increases the hole density. This, might either
result from the direct formation of NaIn [138] defects or from the substitution of In in
InCu defects [52], which are always present under Cu-poor conditions. In principle, Na
can also occupy the VCu vacancies but according to Wei et al. [137] it is energetically
unfavorable. Furthermore, Na is predicted to passivate deep donor VSe vacancies due
to its ability to form atomic oxygen at the absorber surface [139], which can diffuse
into the absorber [139], where it forms an OSe shallow anti-site defect.
In contrast, Yuan et al. [140] proposed that the formation of NaIn anti-site defects are
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not favorable; whereas, in agreement with Wei et al., NaCu anti-site were found to be
the most favorable point defect in Cu-poor CIS. This findings would automatically
lead to a decreased conductivity, since the number of VCu vacancies decreases. To
explain this contradiction, Yuan et al. [140] proposed a new model based on the
equilibrium doping theory. Since the solubility of Na is significantly higher at elevated
temperatures, it would diffuse out of the grains after cooling the sample to room
temperature, due to the high diffusivity of Na [141, 142]. This effect might be enhanced
by the wet chemical treatment after the absorber synthesis, which dissolves Na from
the surface. Overall, this concept would explain the higher number of VCu vacancies
and the improved conductivity.
Potassium
Potassium is commonly introduced by a KF-PDT, which is not affecting the absorber
growth. Similar to the case of Na, most studies reported on an enhanced hole con-
centration by K [143–145], which has been ascribed by Yuan et al. [140] to a similar
interaction of K with Cu as for Na. Furthermore, it is expected that K passivates
intrinsic defects in the grain interior and at grain boundaries [65, 142, 145–148], which
improves the carrier lifetime and the VOC [65, 149, 150]. In contrast, Abou-Ras et al.
[63] reported on an unchanged recombination velocity at grain boundaries based on
electron beam induced current (EBIC) and cathodoluminescence (CL) measurements.
Accordingly, the VOC improvement would not be caused by defect passivation.
The surface was found to be Cu and Ga depleted after the KF-PDT [53, 151]. Indeed,
it was also found that the position of the valence band maximum is lowered, while
the conduction band minimum is raised [151]. In combination, this reduces the inter-
face recombination [151–153]. Several works proposed that this observation can be
explained by the formation of a KInxSey secondary phase [151, 154]. In addition to the
surface secondary phase, enhanced Cd diffusion into the OCD layer was reported [53,
155, 156], which likely supports the n-type inversion. Finally, a thinner CdS layer can
be grown after the KF-PDT treatment due to a modified surface topography, which
reduced collection losses [53, 157].
Rubidium and Cesium
In recent years, record efficiencies were achieved by applying RbF- and CsF-PDTs [25,
54, 55]. The main breakthrough was attributed to a significantly improved VOC [55,
158–161]. Schöppe et al. [56–58] used X-ray fluorescence analysis at the nano scale
and found Rb and Cs segregations at Cu-poor random grain boundaries and at the
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interfaces to the front and back contact, while the concentration of heavy alkali elements
was below the detection limit in the grain interior. Highly spatially-resolved atom
probe tomography and transmission electron microscope measurements consolidate
these findings for Rb [59–62]. Moreover, three dimensional time-of-flight secondary ion
mass spectroscopy (TOF-SIMS) measurements also found only a very small fraction of
Rb within the grains [62]. Based on density functional theory calculations [65, 162], it
was proposed that light alkali elements can easily diffuse into stoichiometric and Cu-
poor CIS, while heavy alkalis can only diffuse into Cu-poor CIS, which is in excellent
agreement with the experimental findings. After a PDT the Na content was reduced
at the grain boundaries, whereas an increased Na content in the grain interior was
reported [59]. This was explained by a model in which heavy alkalis diffuse along the
grain boundaries and displace the lighter Na into the grain interior [64]. At the grain
boundary an energetically favorable AInSe2 (A = Rb or Cs) secondary phase might
form [162], which could passivate detrimental defects and lead to a hole barrier [58,
64]. In the other case point defects form, whose impact was investigated by Chugh
et al. [65] and Schöppe et al. [58] using density functional theory (DFT) calculations.
Compared to the alkali free reference, NaCu, RbCu, CsCu, and Csi defects showed a
reduced density of states, which also indicates grain boundary passivation by alkalis.
The density of states were even more reduced by the presence of heavy alkali metals
likely because they compensate Se dangling bonds more effective due to the bigger
size and lower electronegativity [65].
As already mentioned, alkali elements tend to segregate at the Cu depleted CdS/CIGS
interface. In accordance to the KF-PDT, the formation of a RbInSe2 secondary phase
at the surface was confirmed by applying high resolution TEM measurements [60].
The impact of this secondary surface phases is controversially discussed in literature.
RbInSe2 might act as an electron barrier, which reduces the fill factor [163, 164]. In
contrast, other studies proposed a reduced interface recombination velocity [60, 161],
similar to the results for KF-PDTs. This apparent contradiction was explained by the
fact that the beneficial effects of PDTs strongly depend on the CGI, which is not
disclosed in most publications making a direct comparison of literature difficult [163].
Although the impact of the surface secondary phase is still not fully understood,
the diode factor after the PDT improved. Similar to the results for KF-PDT, this was
explained by a more homogeneous CdS coverage and thus, the possibility to grow
thinner CdS buffer layers [157, 161, 165].
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Figure 2.3.: Tetragonal unit cells of the sulfide- and selenide-based kesterite structure. Each anion is
surrounded by four cations and vice versa. Additionally, the Wyckoff positions are labeled.
2.2. Kesterite thin film solar cells
According to the European Commission [166], In and Ga are classified as critical
raw materials. Yet, In and Ga are key components in CIGS-based solar cells. As an
alternative, the quaternary semiconductor compounds Cu2ZnSnSe4 and Cu2ZnSnS4
have gained great attention due to the earth-abundant constituents. These compounds
have a direct band gap of 1.0 eV for CZTSe and 1.5 eV for CZTS, which can be tailored
by the Se/(S+Se) ratio [167]. Due to the direct band gap and the associated very high
absorption coefficient of over 104 cm−1 [168–170], the absorbers as well as the complete
solar cells can be designed similar to the CIGS case.
2.2.1. Crystal structure of kesterite
CZTS and CZTSe crystallize in the kesterite structure (space group I4̄), which is based
on a tetragonal Bravais lattice. The cations Cu+, Zn2+, and Sn4+ are surrounded by
four Se2− or S2− anions and vice versa, as shown in the primitive cell in figure 2.3. Cu
is located at the origin on the Wyckoff position 2a and at the 2d position, Zn occupies
the 2c position, while a Sn atom is located at the 2b position. The anions are located at
the 8g position. Note that only the S-based structure is called kesterite. However, the
Se-based compound crystallizes in the same structure; thus, it became established to
name CZTS, CZTSe and its mixtures also ”kesterite”.
Kesterites are very challenging materials since small deviations from the 2:1:1:4
(Cu:Zn:Sn:S/Se) stoichiometry can easily result in detrimental secondary phases segre-
gations [171, 172] (see also section 2.2.3). Similar to CIGS, deviations from stoichiometry
are expressed by the cation ratios: Cu/(Zn+Sn) and Zn/Sn.2 Despite the low phase sta-
bility of CZTSSe, the best solar cell efficiencies were achieved for Cu-poor (Cu/(Zn+Sn)
2Here, the cations denote the atomic concentrations, usually written as [Cu]/([Zn]+[Sn]) and
[Zn]/[Sn], but for reasons of readability the square brackets are omitted.
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Figure 2.4.: Theoretically calculated intrinsic point defect energy levels within the band gap for CZTS
(a) and CZTSe (b). The initial and final charge states are labeled in parentheses. (Drawings according to
Chen et al. [32].)
< 1), Zn-rich (Zn/Sn > 1), and Sn-stoichiometric synthesis conditions [29, 50, 173–175].
In contrast Cu-rich and/or Zn-poor conditions showed poor efficiencies. The reasons
will be elucidated in the following sections.
An additional advantage of kesterite is the tunable band gap. Varying the amount of S
and Se increases the band gap from 1.0 eV for pure selenides to 1.5 eV for pure sulfides
[167].
2.2.2. Intrinsic point defects and defect complexes in kesterite
In kesterites, a large number of point defects can occur due to the complex crystal
structure. An overview of twelve possible point defects in CZTS and CZTSe, including
the corresponding theoretically calculated defect energy levels by Chen et al. [32], is
illustrated in figure 2.4. Anion-cation substitution as well as Si, Sei, and Sni interstitials
were not considered here, as their formation is unlikely due to the valences or the atom
sizes. Slightly different ionization energies were revealed in another theoretical study
for some defects and especially no defect level within the band gap for a VS vacancy in
CZTS [176]. CuZn anti-sites and VCu vacancies possess the lowest formation energies
and are thus expected to be the most common ones [177, 178]. Both defects form an
acceptor level and are believed to cause the observed intrinsic p-type doping of the
material [32, 177–179]. Contrary, n-type doping is not observed at all, because donor
defects have a higher formation energy than acceptors [180]. The remaining defects
can be detrimental for the solar cell performance, as they form defect states within the
band gap where charge carries can recombine [32].
As introduced in section 2.2.1, Cu-poor conditions yield the highest solar cell efficiency,
as explained by the higher formation probability of VCu vacancies and the improved
p-type conductivity [32]. However, for Cu-rich conditions the CuZn anti-sites and hole
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concentration is even higher, which should result in an even better performance. To
understand this contradiction, the defect complexes have to be analyzed.
As already introduced in section 2.1.2, defects can form complexes by Coulomb at-
traction [86]. In kesterite, such defect complexes have significantly lower formation
energies than independent point defects and appear in much larger numbers. Accord-
ingly, kesterites are also considered as self-compensated semiconductor [32, 179]. This
can be advantageous in the case of deep defects since they self-compensate each other
and might not impact the electronic and optical properties of kesterite. Chen et al. [32]
calculated the formation energy and impact on the band gap of different defect clusters.
They showed that the most abundant complexes in stochiometric kesterite is the (Cu−Zn
+ Zn+Cu) complex. The impact on the band edges is very weak and can be expected to









Zn ) complexes, have a detrimental impact on the device performance since
they decrease the valence and conduction band and might trap charge carriers. The
formation energy for most detrimental defect complexes is very high in stoichiometric
kesterite, except for the (2Cu−Zn + Sn
2+
Zn ) complex. Changing the conditions to Cu-poor






Cu) become the dominant complexes.
Their impact on the band edges is very low as well and the device efficiency will
not be influenced. In contrast, Cu-rich, Zn-poor, and/or Sn-rich conditions lead to
an exponential increase of (2Cu−Zn + Sn
2+
Zn ) complexes. The detrimental impact of this
defect cluster is much higher than the improved conductivity by CuZn defects and
the reduced free carrier density by the Zn enrichment, which explains the preferred
synthesis conditions [32]. A detailed overview about the defect complexes and their
influence on the device properties is illustrated in reference [32].
2.2.3. Off-stoichiometry types and secondary phases in kesterite
The phase diagrams of the quasi-ternary Cu2S-ZnS-SnS2 and Cu2Se-ZnSe-SnSe2 system
indicates that single phase kesterite can only exist in a very narrow compositional
region [171, 172]. Deviations from stoichiometry, i.e., Cu/(Zn+Sn) ̸= 1 and Zn/Sn
̸=1, result in secondary phases. Experimentally, however, it was proved that kesterite
tolerate deviations from stoichiometry while maintaining the kesterite structure [182–
185]. Keeping constant charge balance and valence state, so called ”off-stoichiometry
types” were proposed, referred to A-L [36, 184, 186, 187]. These off-stoichiometry types
are inherently connected to certain point defects (see table 2.1) and defect complexes
addressed in the previous section. Thereby, the amount of defects correlates with the
degree of off-stoichiometry [181]. Nevertheless, kesterite also showed limits regarding
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Table 2.1.: Overview of the off-stoichiometry types in kesterite. (Table according to Schorr et al. [181].)
this off-stoichiometry of 0.6 ≤ Cu/(Zn+Sn) ≤ 1.7 and 0.5 ≤ Zn/Sn ≤ 1.6 [185]. Outside
these boundaries, binary or ternary sulfur/selenide secondary phases will always occur
[185]. An overview is presented in reference [181]. In general, a non-uniform phase is
considered as detrimental, because it might enhance the recombination, increase the
series resistance, and/or lower the band gap [188, 189].
2.2.4. Device structure of kesterite solar cells
The design of kesterite thin film solar cells is adopted from the typical layer structure
of CIGS thin film solar cells. Therefore, this section will only deal with some small
differences.
The CZT(S,Se) absorber layer is deposited on the back contact as well. In contrast
to CIGS, where the sequential and co-evaporation process are established, especially
with regard to industrial applications, there is no established process for kesterite. An
overview of the technologies is given in reference [190]. Within this thesis, a sequential
as well as a non-toxic wet chemical process was used to produce the absorbers (see
section 3.1.2 and 3.1.3). Afterwards, the CdS buffer with a thickness of ∼ 50 nm is
deposited by CBD. There are also approaches to use alternative buffer layers like
Zn(O,S) [191], (Zn,Mg)O [192], or Al2O3 [193] to avoid Cd, but until now most of them
yield a reduced solar cell efficiency. Subsequently, a roughly 400 µm double window
layer is deposited by sputtering an i-ZnO and n-type In2O3-SnO2 (ITO) layer with
an optical band gap of around 3.5 - 4 eV [194, 195]. In fact, ITO is not ideal and only
reasonable in laboratory scale because In was classified as critical raw materials [166].
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Nevertheless, ITO showed the best conversion efficiency [29] since it has a higher
mobility and a resistivity below ∼ 0.2 mΩcm [196–198].
2.2.5. Germanium in kestrite
In recent years, Germanium alloying of kesterite absorbers has received great attention
in the community, even though Ge is also classified as critical raw material [166]. Germa-
nium is a group IV element and is therefore capable to replace Sn in the lattice, which is
connected to several advantages. Compared to Sn, Ge has a more stable oxidation state
of +4 [47] and can avoid the presence of detrimental +2 states [44–46]. Furthermore, Ge
can tune the band gap from 1.0 up to 2.25 eV in Cu2Zn(Sn1-xGex)(S1-y,Sey)4 [199–202].
Devices prepared by an optimized Ge concentration in the order of 5 at.% revealed an
improved VOC, caused by reduced carrier recombination and higher minority carrier
lifetimes [48, 203, 204]. This led to a record efficiency of 12.3 % [205] only slightly below
12.6 % for CZTSSe [29].
Recently, Giraldo et al. [41] showed that even small quantities of Ge (< 0.5 at.%),
added as a superficial layer on top or as profound layer below the precursor during
the sequential process of CZTSe, lead to a remarkable increase of the efficiency. In
particular the VOC, fill factor, and the minority carrier life-time significantly improved.
An optimized synthesis routine yields the record conversion efficiency of 11.8 % for
selenide-based kesterite [50]. The underlying mechanism of this improvement is still
under debate, thus, in the following, a brief introduction of the current knowledge is
presented.
Absorber synthesis without Ge
During the absorber growth, Giraldo et al. [50] observed Cu out-diffusion towards
the surface, while Zn segregates at the back contact. Voids form at the back contact
likely due to the high formation probability of binary volatile Sn–Se species, which
also explain Sn losses after the synthesis. Furthermore, binary selenide compounds
form, which react to CZTSe by following a tri-molecular reaction mechanism:





Here (s) and (g) denote the solid and gas phase, respectively. After the growth, the
absorber showed a bi-layered structure with large, less Cu-poor grains close to the
surface and smaller, less Cu-poor ones at the bottom. This can be explained by the Cu
diffusion prior to the kesterite formation.
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Absorber synthesis with Ge
When small amounts of Ge are added during the growth process [50], the previous
observed Cu out-diffusion is prevented. Remarkably, Cu and Sn intermix from the very
beginning, which also suppresses the uncontrolled Sn-loss. The latter is also directly
reflected in the morphology. Ge-containing samples have significantly less voids and
uniform grains extending from the back contact to the surface. However, when the Ge
concentration exceeds a critical value, the efficiency drastically decreases again because
“dome”-like features develop. Thus, a precise control of the Ge content is of great
demand. Furthermore, the pathway for the kesterite formation changed drastically.
Giraldo et al. [50] proposed the following new bi-molecular process, which does not
involve a Sn-Se phase and likely explain the improved growth.
In the first step, a Cu6Sn5 phase forms, which decompose as follows:
Cu6Sn5(s)
T∼400 ◦C−−−−−→ 2Cu3Sn(s) + 3Sn(l),




Se2(g) −→ Cu2SnSe3(s) + CuSe2(s).
Finally, kesterite forms by:
Cu2SnSe3(s) + ZnSe(s) −→ Cu2ZnSnSe4(s).
The reaming CuSe2(s) reacts with elemental Sn(s) as follows:




Subsequently the ternary compound forms kesterite, as previously shown.
Two models were proposed on the role of Ge during the synthesis and how it assists the
formation of the ternary phase and enlarged grains. In the first model [50], Giraldo et
al. suggest that Ge enhances the solubility limit of Sn in Cu phases, which facilitates the
formation of Cu-Sn-Se phases and therefore the crystallization. The second mechanism
[50] implies the formation of a liquid Ge–Se phase, which acts as a flux agent for
the formation of the ternary Cu–Sn–Se and quaternary Cu–Zn–Sn–Se phases. Due to
the small amounts of Ge, the detection and localization is fairly difficult. Thus, it is
challenging to estimation, which of the two hypotheses are correct.
Furthermore, Giraldo et al. [50] observed an strong interrelation between the doping
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concentration, which drastically decreases when the Ge quantity exceeds a certain
amount. TOF-SIMS profiles indicated a reduced sodium content within the absorber. Na
diffuses from the soda-lime glass into the absorber during the growth and is expected
to act similar like in CIGS [206]. Energy-dispersive X-ray spectroscopy measurements
showed for high Ge quantities that Na is extracted to the surface of the absorber, where
it forms NaxOy precipitates. This behavior can likely be explained by the presence of
GeOx nanoclusters, which form because of the short air exposure during the synthesis.
It is well known that oxygen attracts Na [207] explaining the diffusion to the surface.
However, it is unclear why these NaxOy clusters only form when the Ge concentration
exceeds a certain value.
2.3. X-ray matter interaction
The interaction of X-rays and matter includes four different effects. Elastic (Rayleigh)
and inelastic (Compton) scattering describe the scattering of a photon at electrons [208].
Additionally, if the X-ray energy exceeds the binding energy of the electrons, an electron
can be ionized (photo-ionization). Finally, pair production describes the formation of
an electron positron pair (particle-antiparticle process) from a photon, whose energy is
two times bigger than two times the rest energy of an electron (511 keV). However, the
latter effect is not relevant in respect to this thesis, as the maximum X-ray energy was
29.6 keV.
2.3.1. X-ray fluorescence spectroscopy (XRF)
If an X-ray whose energy is at least equal to the electron’s binding energy of an atom
hits the respective material, the photon is absorbed and the electron is lifted into the
continuum (figure 2.5a). The ionized atom pursues for an energetically more favorable
state, which leads to a transition of an electron from a higher shell occupying the
resulting vacancy. A X-ray is emitted, with an energy equal to the energy difference
between the states involved. Therefore, the emitted energy of the X-ray radiation is
characteristic for each element. An analysis of the characteristic radiation of a sample
therefore allows conclusions about its composition. This principle is used for X-ray
fluorescence spectroscopy (XRF).
Exciting a homogeneous, flat sample with a monochromatic X-ray beam with an energy
E0 at an angle of incidence θin to the sample surface and an initial intensity I0, the
intensity of the created fluorescence radiation Ii(Ei) emitted at the angle θout to the
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Figure 2.5.: (a) Principle of XRF. The hard X-ray beam excites an electron from the K-shell and lifts
it to continuum. An electron from the outer shell occupies the resulting vacancy by emitting X-ray
fluorescence radiation, in this case Kα radiation. (b) XRF spectrum taken on a CZTSe lamella with an
incident X-ray beam energy of 29.6 keV.

















Here, ε denotes the detector efficiency and G the detector geometry. Both the intensity
of the incident beam and the characteristic radiation is attenuated in the sample, which
is considered in the second part of equation 2.2. The sample thickness is described
by d, while ρ is the sample density, and η(E0) and η(Ei) are the mass attenuation
coefficients including absorption and scattering within the sample. All fundamental
parameters related to the emission of the characteristic X-rays of the i-th element are
included in the factor ai(E0) [209]:






Hereby, the mass fraction of the i-th element is given by wi and the total mass photo-
electric absorption coefficient of the i-th element at energy E0 by τi(E0). Furthermore,
pi gives the relative fraction of the total emitted photon intensity of the considered
transition. The ratio between the absorption coefficient with the absorption edge and
the absorption coefficient without the absorption edge at energy E0 is described by
ji. Moreover, ωi describes the fluorescence yield, which equals the ratio between the
number of emitted characteristic X-rays and the number of created vacancies. Thus, ωi
takes the competing Auger effect into account, which describes a non-radiative process
where the created fluorescence photon excites an electron of an outer shell that leaves
the atom. According to reference [210], the fluorescence yield ωi can be approximated
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by ω = Z4/(K + Z4) with atomic number Z and a constant K. Thus, the ratio between
radiative and non-radiative emission increases for higher atomic numbers [210].
A typical XRF spectrum, taken on a CZTSe lamella, is shown in figure 2.5b. It consists of
the characteristic fluorescence lines on top of a continuous background. In addition, at
the highest-energy of the spectrum (≈ 29.6 keV) the elastically scattered primary beam
(Rayleigh peak) can be identified. Furthermore, two effects contribute to the spectrum.
Pile-up peaks arise when the detector detects two or more photons simultaneously
and interprets them as a single one with the summed energy of the photons involved.
Escape peaks, however, are generated when the K-shell of the detector material is
excited. The created K-line photon leaves the detector while the created photon releases
the energy in the detector. Thus, the detected energy is reduced by the binding energy
of the detector material K-shell. In this thesis, silicon-based detectors were used. As
a result, escape lines, which are shifted by the Si K-line (1.74 keV) towards smaller
energies of the corresponding main line appear in the spectrum.
The XRF spectrum in figure 2.5b can be evaluated by fitting the individual peaks using






where A denotes the peak area, Ω the solid angle of the detector, I0 the intensity of the
incident beam, and R′J the relative intensity.
More details about XRF and the data evaluation can be found in reference [209–211].
The fluorescence energies of the individual elements used in this thesis are summarized
in the X-ray data booklet [212].
2.3.2. X-ray absorption near-edge structure spectroscopy (XANES)
If a X-ray with intensity I0 and energy E encounters a material with thickness d,
only an extend of the X-rays is transmitted. The Lambert–Beer law proposes that the
transmitted intensity I(d) is [213]:
I(d) = I0 · exp [−µ(E)d] , (2.5)
where µ(E) is the energy dependent X-ray absorption coefficient. For most energies the
absorption coefficient is a smooth function, which decreases with increasing photon
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Here, ρ denotes the sample density, Z the atomic number, and A the atomic mass.
However, if the X-ray energy equals or exceeds the electron’s binding energy, µ(E)
sharply increases. X-ray absorption near-edge structure spectroscopy (XANES) probes
the energy dependence of µ(E) below, at, and above the electron binding energy for a
specific shell of an atom [208, 213, 214]. Since each element has a distinct absorption
edge energy, this technique is sensitive to atomic species [208, 213, 214]. Furthermore,
µ(E) depends on the oxidation state. In a neutral atom, the positive charges of the
core are screened by the negatively charged electrons. However, the shielding effect
for atoms of higher oxidation state (i.e., with a reduced number of electrons) changes,
causing slightly lowered energy states of the remaining electrons and an increase
of the absorption edge energy [208]. In consequence, XANES is also sensitive to the
short-range structural order, in which the examined atom is located [208]. Detailed
information about this technique is given in reference [208, 213, 214].
2.3.3. X-ray beam induced current (XBIC)
In X-ray beam induced current (XBIC) measurements, a hard X-ray excites core-
level electrons. Through the Auger or XRF process, electrons from shallower levels
immediately fill the created core-hole [215]. The created highly energetic photo- and
Auger electrons lose energy through inelastic scattering (thermalization), thus creating
secondary electrons in their traces [215, 216]. In semiconductors, the hot electrons and
holes thermalize to the conduction and valence band, respectively [215, 217]. When
these processes appear in a p-n junction, the electron-hole pairs are separated and
produce a current [215, 218], which can be measured. This signal is influenced by the
device properties, such as defect states leading to an enhanced recombination and a
reduced current signal [215, 218–220].
2.3.4. X-ray collection efficiency (XCE)
The created XBIC current signal is also influenced by thickness variations and compo-
sitional dependent electron-hole pair generation efficiencies. An approach to correct
for these effects is the calculation of the collection efficiency (CE), as described by
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Here, Ncolle−/h+ is the number of collected electron-hole pairs, whereas N
gen
e−/h+ is the
number of generated pairs.
In this thesis, the p-n junction is represented by a solar cell. An approach to describe
the charge carrier collection efficiency for solar cells is the measurement of the external








where Ninph is the number of incident photons and N
abs
ph the number of absorbed
photons. For low energetic photons, as used for photovoltaics applications, it can be
assumed that only one electron-hole pair is produced per incident photon (Ncolle−/h+ ≈
Nabsph ). Furthermore, the transmission for solar cells is negligible and the absorption A
(A = 1 − R) is only influenced by the reflectivity R. Taking both effects into account,






1 − R . (2.9)
For X-ray-based investigation, the previously described assumptions are not valid,
since an absorbed photon creates several electrons and a significant fraction of the
incident photons is transmitted. In order to include this issue, the CE can be corrected








In this case, Ncolle−/h+ describes the XBIC signal and N
in
ph the measured photon flux of






Here, Eabs denotes the deposited energy in the absorber layer per incident photon with
the known energy Eph, Eg the band gap of the absorber, and Eion the ionization energy.
The band gap of every position can simply be calculated by equation 2.1 using the local
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composition evaluated from nano-XRF. Furthermore, Eion can be determined using the




Eg + 0.5eV. (2.12)
To determine Eabs is more complex, since in a multilayered device, such as CIGS solar
cells, the incident flux I0 reaching the absorber is inhomogeneously attenuated by the
front contact layers. Furthermore, compositional dependent absorption probabilities
and thickness variations influence Eabs as well. Thus, West et al. [222] introduced a






















where I is the transmitted flux, T is the number of layers, ∆ti is the thickness of each
layer, and µin(ti) and µout(ti) are the attenuation coefficients of the incident beam
and the created fluorescence radiation at a depth ti. The incident beam angle and
detection angle relative to the surface normal are given by θin and θout, respectively. By
calculating the fraction which reaches the absorber Ir and is transmitted through It,





For more details see references [217, 222].
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The methods used within this thesis are briefly summarized in this chapter. If not
stated in more detail, the measurements were performed in the Institute of Solid State
Physics at the Friedrich Schiller University Jena.
3.1. Sample preparation
3.1.1. Synthesis of stoichiometric, homogeneous CZTSe and
CZGeSe powders
Stoichiometric, homogeneous CZTSe and Cu2ZnGeSe4 (CZGeSe) powders were syn-
thesized by Dr. Galina Gurieva in the group of Prof. Susan Schorr at the Helmholtz-
Zentrum Berlin für Materialien und Energie (HZB). In a solid state reaction based
process, pure elements were placed in pyrolytic graphite boats and annealed in a mul-
tistage process under vacuum conditions. The composition of the produced powders
were determined at HZB by wavelength-dispersive X-ray spectroscopy using a JEOL-
JXA 8200 electron probe microanalyzer. A PANalytical X’Pert PRO MRD diffractometer
at HZW was to used in order to determine the phase by X-ray powder diffraction.
More details of the preparation process and compositional investigations are described
in reference [184].
3.1.2. Synthesis of Ge-doped CZTSe solar cells by a sequential
process
Ge-doped CZTSe kesterite solar cells were fabricated and characterized by Dr. Sergio
Giraldo in the group of Dr. Edgardo Saucedo at the Catalonia Institute for Energy
Research (IREC). In a sequential process, Cu/Sn/Cu/Zn metallic stacks were sputtered
onto Mo-coated soda-lime glass. This process included thermal evaporation of a 5 nm
thin Ge interface layer between Mo and the precursor stack and 10 nm on top of the
precursor. Subsequently, the precursor is annealed in a two step routine under an Se
+ Sn (100 mg Se + 5 mg Sn) atmosphere in a tubular furnace. In the first annealing
step, the stacks were heated to 400 ◦C for 30 min at 1.5 mbar Ar pressure and in a
second step at 550 ◦C for 15 min at 1 bar Ar pressure. The heating ramps were set to
29
3. Experimental methods
20 ◦C/min. After letting the samples cool down, the surface of the CZTSe:Ge absorbers
were chemical cleaned using (NH4)2S. Finally, the window layer was deposited using
chemical bath deposition for the CdS layer (∼ 50 nm), followed by sputtering of ∼
50 nm i-ZnO and ∼ 200 nm ITO. Illuminated J–V curves were measured at IREC at
25 ◦C using a calibrated Sun 3000 class AAA solar simulator (Abet Technologies).
The nominal composition was also measured at IREC with a calibrated Fischerscope
XVD X-ray fluorescence spectrometer. More details of the synthesis can be found in
references [41, 49, 50].
3.1.3. Synthesis of CZTSSe solar cells by spray coating
Kesterite CZTSSe absorbers were produced and characterized by Dr. Gerardo Lar-
ramona from IMRA Europe. The absorbers were synthesized using an additive-free
water-ethanol (90 %vol - 10 %vol) based ink of Cu-Zn-Sn sulfide colloids with a primary
particle size of ∼ 10 nm. This ink was spray-deposited onto Mo-coated soda-lime glass.
Subsequently, the samples were annealed in a N2 atmosphere, followed by a second
annealing step under Se-Ar atmosphere. Final reference solar cells were produced by
the deposition of a CdS layer with a thickness of ∼ 50 nm via chemical bath deposition,
followed by sputtering of a ∼ 60 nm i-ZnO layer and ∼ 400 nm ITO layer. The nominal
composition was estimated based on the ratio of the metal chloride salts in the mother
solution. Illuminated J–V curves were measured at 25 ◦C using a AAA-class solar
simulator (Oriel Sol3A Class) at IMRA. More details on the synthesis can be found in
reference [223].
3.1.4. Synthesis of CIGS Rb post-deposition treated solar cells by
co-evaporation
Thin film CIGS solar cells were produced by Dr. Philip Jackson from the Zentrum
für Sonnenenergie-und Wasserstoff-Forschung Baden-Württemberg (ZSW). In a co-
evaporation-based multistage process Cu, In, Ga, and Se were deposited on top of Mo
coated soda-lime glass. The composition of the absorber was controlled by means of
the evaporation rate and the substrate temperature. Afterwards, the CIGS absorber
was subjected to a RbF post-deposition treatment. The solar cell was completed by
the deposition of a 30-50 nm thick CdS layer via chemical bath deposition, followed
by sputtering of a 50-100 nm thick i-ZnO layer and an Al-ZnO layer with a thickness
of 150-200 nm. Subsequently, a Ni/Al/Ni grid was evaporated for efficient carrier
collection. Finally, a 110 nm thick MgF2 layer was deposited to achieve the highest
30
3.2. Synchrotron-based techniques
Figure 3.1.: Scanning electron micrographs of the lamella preparation from a stoichiometric CZTSe
powder grain. (a) Single powder grain sprinkled onto silver paste. (b) Deposited electron and ion beam
Pt layer on top of the grain. (c) Separation of the lamella. (d) Final lamella mounted onto a nickel grid
and thinned down to 310 nm.
efficiency. More details of the preparation process are described in reference [54].
3.1.5. Lamella preparation
Cross-sectional lamellae were prepared using a FEI DualBeam Helios NanoLab 600i
focused ion beam (FIB) system. Figure 3.1 shows the different steps during the lamella
preparation, in this case, from a single grain powder sample (see section 3.1.1), which
was sprinkled onto silver paste (figure 3.1a). In the first step a protective layer of Pt was
deposited to the desired area from which the lamella will be taken (figure 3.1b). This
layer protects the underlying material during preparation and reduces the curtaining
effect1 [224]. A focused Ga ion beam was then used to remove the surrounding material
by sputtering (figure 3.1c). Subsequently, the lamella was lifted out and mounted onto
a nickel TEM grid (figure 3.1d) using a micro manipulator. Finally, the lamella was
thinned down and cleaned with XeF2 to remove agglomerations. As shown in figure
3.1d, the final lamella structure comprises of an evenly thinned area and two thicker
areas at the edges (ridges), which serve for stabilization. Detailed information about
the lamella preparation can be found in references [225, 226].
3.2. Synchrotron-based techniques
3.2.1. Nanoscale X-ray fluorescence spectroscopy (nano-XRF)
The general measurement principle of nanoscale X-ray fluorescence spectroscopy (nano-
XRF) on a lamella used in this thesis is shown in figure 3.2a. The lamella was gradually
moved through the focused synchrotron nanobeam using a piezo stage and a complete
X-ray fluorescence spectrum was detected at each step. The individual spectra of each
1An uneven sample surface changes the sputter yield, which leads to striation on the surface of the
prepared cross-section, so called ”curtaining effect”.
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Figure 3.2.: (a) Measurement principle of nano-XRF on a lamella. The lamella is raster scanned via the
highly focused hard X-ray synchrotron nanobeam in vertical and horizontal directions. At each position
a XRF spectrum is taken, which can then be converted to intensity or concentration maps, as shown here
for Se. (b) Schematic drawing of the experimental geometry at the nanoanalysis beamline ID16B of the
ESRF. (c,d) Schematic illustration of a lamella during the measurement. The lamella ridges attenuate the
created fluorescence radiation close to the ridges, whereas the radiation is not affected if the nano-beam
hits a position closer to the center of the lamella. Additionally, the Ni grid homogeneously attenuates
the fluorescence radiation.
pixel were evaluated using PyMCA [211] to determine the local elemental intensities
and local concentrations. The advantage of this program is that instead of modeling
peaks of different elements independently, PyMCA models the peaks of all included
elements simultaneously. Thus, the evaluation of elements is possible even when the
peaks of different elements overlap. Furthermore, other effects such as self attenuation
by the sample, pile-up, and escape peaks are also included. The measurements were
performed at the nanoanalysis beamline ID16B of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France [227]. The energy of the synchrotron nanobeam was
set to 29.6 keV in “pink-beam” mode (∆E/E = 10−2) with an average photon flux of
2.5 · 1010 photons/s , a focal spot size of 54 × 52 nm2, a counting time of 800 ms/pixel,
and a step size of 50 nm2.
The experimental setup at ID16B is schematically depicted in figure 3.2b. The X-ray
nanobeam hits the sample perpendicular to the surface and two 3-element silicon
drift detectors detect the created fluorescence radiation under an angle of 13 ◦. This
shallow detection angle caused two unintended effects influencing the measured
fluorescence radiation, when lamellae are investigated with the structure described
in section 3.1.5. Fluorescence radiation gets inhomogeneously attenuated close to the
ridges, whereas it is not affected when the nanobeam hits a position closer to the center
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of the lamella (figure 3.2c). Therefore, only the area which was not influenced by the
ridges was evaluated. The second effect, which influenced the fluorescence radiation,
is illustrated in figure 3.2d, showing attenuation by the Ni grid. As this attenuation
was homogeneous throughout the lamella and the grid dimension was the same for all
investigated lamellae, the created fluorescence was always influenced in the same way.
Thus, relative changes between different areas are reliable. Both effects finally caused
that only one of the six detectors could be used for the data evaluation.
3.2.2. Nanoscale X-ray absorption near-edge structure spectroscopy
(nano-XANES)
X-ray absorption near-edge structure spectroscopy measurements at the nanoscale
(nano-XANES) were performed in fluorescence mode at the nanoanalysis beamline
ID16B of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France
[227]. The experimental setup was similar to the one shown in figure 3.2, with the
major difference that a new 7-element silicon drift detector located at an angle of 35 ◦
recorded the emitted fluorescence. This comparable wide angle enabled to overcome the
attenuation problems of both the Ni grid and the lamella ridges, except for acquisitions
close to the lamella ridges. Thus, these regions were excluded during the XANES
measurements. The energy of the synchrotron nanobeam was set to 11.103 keV (Ge
K-edge) in “monochromatic beam” mode (∆E/E = 10−4) with an average photon flux
of 1.4 · 107 photons/s and a focal spot size of 150 × 135 nm2. The energy was scanned
from 53 eV below to 197 eV above the Ge edge with a step size of 1 eV. For each energy
the counting time was set to 100 ms. Twenty scans were collected and summed up to
improve statistics. The final XANES spectrum was obtained by averaging five of such
spectra to improve the signal-to-noise ratio. Due to the low flux and high counting
time, only selected spots were investigated with this technique. Finally, the data were
standardized and partially smoothed after the normalization. Finally, the XANES
spectra were evaluated using the software Athena [228]. Detailed information about
the data evaluation can be found in reference [208, 214].
3.2.3. Nanoscale X-ray beam induced current (nano-XBIC)
Thin film CIGS solar cells were investigated by XBIC measurements on the nanoscale
(nano-XBIC) while simultaneously detecting the nano-XRF signal. The experimental
setup in the so called ’top-view’ geometry is illustrated in figure 3.3. The contacted
device was raster scanned through the focused synchrotron nanobeam using a piezo
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Figure 3.3.: Measurement principle of combined nano-XRF and nano-XBIC on a complete solar cell in
top-view geometry. The device was raster scanned through the highly focused hard X-ray synchrotron
nanobeam in vertical and horizontal directions. At each position a XRF spectrum was detected, which
was then converted to intensity or concentration maps, as shown here for Rb. Simultaneous, the
generated current was measured, which yields into a current map.
stage. A XRF spectrum and current signal was detected for every position.
The measurements were performed at the nanoanalysis beamline ID16B of the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble, France [227]. The energy of
the synchrotron nanobeam was set to 29.6 keV in “pink-beam” mode (∆E/E = 10−2)
with an average photon flux of 4.0 · 1010 photons/s, a focal spot size of 60 × 56 nm2,
a counting time of 800 ms/pixel, and a step size of 50 nm. The created fluorescence
radiation was detected by a 7-element silicon drift detector. The concentrations of
all elements of interest were individually estimated by fitting the XRF signal using
the software PyMCA [211]. The XBIC signal was collected using an EG&G 7280 DSP
lock-in amplifier.
3.3. Electron microscope-based techniques
3.3.1. Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM)
The morphology of complete solar cells and cross sectional lamellae was examined
using a high resolution scanning electron microscope (SEM) (FEI DualBeam Helios
NanoLab 600i FIB system). The microscope is equipped with a field emission electron
gun emitting electrons with a maximum energy of 30 kV and a maximum current of
22 nA. The immersion mode provides a lateral resolution down to approximately 1 nm.
Cross sectional lamellae were further investigated by scanning transmission electron
microscopy (STEM) in the same electron microscope. The contrast of these images relies
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on different diffraction contrasts of the individual grains. In this way, the grain structure
of the sample can be obtained. STEM detectors consist of several segments, thus
allowing different operating modes: dark field (DF), bright field (BF), and high angle
annular dark field (HAADF). Detailed information about both electron microscopy
techniques are presented in reference [229, 230] .
3.3.2. Transmission electron microscopy (TEM)
For a detailed investigation of nanoscale features, cross sectional lamellae were inves-
tigated using a JEOL Jem-3010 transmission electron microscope (TEM) at the Otto
Schott Institute of Materials Research (FSU Jena). A stationary parallel electron beam
with an energy of 300 keV is transmitted through the sample. Electrons, which are
unaffected by the transmission, are focused on the detector, while those who undergo
scattering at the lattice atoms are defocused forming the image (bright field (BF) imag-
ing). The scattering cross section strongly depends on the atomic number determining
the contrast of this technique. Detailed information about this technique is given in
reference [230].
3.3.3. Electron backscatter diffraction (EBSD)
The orientation of different grains can be accessed by electron backscatter diffraction
(EBSD), thus allowing to determine the misorientation of adjacent grains, which enables
to classify grain boundaries. In this thesis, kesterite CZTSe lamellae were investigated
by EBSD. CZTSe has a tetragonal phase with lattice parameters of a = 5.698 Å and c =
11.352 Å [184]. Thus, CZTSe only shows a minimal tetragonal distortion with a c/2a
relation of only 0.996. This complicates the EBSD analysis as shown by Martin et al.
[231] in the case of tetragonal ZrO2. When the tetragonal distortion becomes too small,
the applied software cannot distinguish between cubic and tetragonal phase, thus
failing to index the EBSD patterns when applying the kesterite-type CZTSe material
file that is based on ICSD-file no. 200419. However, a cubic approximation, in this case
by applying a material file of cubic Si, showed good indexing results. As a consequence,
the twinning relations had to be defined as 60◦ rotations around the ⟨111⟩ direction
and as 70.53◦ rotations around the ⟨110⟩ direction in an approximated cubic structure
[232] instead of 60◦ rotations around the ⟨221⟩ direction and as 70.53◦ rotations around
the ⟨110⟩ direction in the tetragonal lattice [231].
The scans were performed using a Jeol JSM 7600F SEM equipped with a Nordlis Max
EBSD camera at the centre for Functional and Surface Functionalized Glass, Alexander
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Dubček University of Trenčı́n, Slovakia. The scans were performed using electrons of
20 kV, a current of up to 2.2 nA, and a step sizes of 50 nm. The scans were captured
using the Oxford Instruments software AZtec® and evaluated using the Channel 5
software package. A detailed introduction of this technique can be found in reference
[233].
3.3.4. Energy-dispersive X-ray spectroscopy (EDS)
The qualitative and quantitative elemental composition of a sample can be obtained by
energy-dispersive X-ray spectroscopy (EDS) measurements. It works in a similar way
as XRF (introduced in section 2.3.1) with the major difference that an electron beam
is used to excite the core electrons, instead of a X-ray beam. The scattered electrons
create bremstrahlung, thus, EDS is not as sensitive as XRF.
EDS measurements were carried out at the FEI DualBeam Helios NanoLab 600i FIB
system equipped with a large area Oxford Instruments X-MaxN silicon drift detector.
The data were evaluated with AZtec®, a commercial software provided by Oxford
Instruments. The software uses the XPP (extended Pouchou Pichoir) model [234], which
is based on the ϕ(ρz) function to correct for matrix effects. Hereby, ϕ(ρz) describes the
relative intensity of the X-ray generation rate in dependence of the sample thickness
z and sample density ρ. EDS measurements were conducted with an electron energy
of 30 keV, a current of 0.69 nA, and a measurement time of 15 min/µm2. More details
about EDX can be found in reference [235].
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homogeneous, single-phase
Cu2ZnSnSe4
This chapter discusses the experimental limits of EDS and XRF using lamellae that
were taken out of a stoichiometric, single-phase CZTSe powder grain. It highlights the
interplay of statistics, spatial resolution, absolute concentrations, and their experimental
uncertainties. Moreover, the strong need to calibrate EDS measurements conducted
on kesterite lamellae is demonstrated. The CZTSe powder was synthesized by Dr.
Galina Gurieva and provided by Prof. Susan Schorr (Helmholtz-Zentrum Berlin für
Materialien und Energie, HZB). The lamella was prepared by Dr. Sven Schönherr
and the EDS measurements were conducted in cooperation with Dr. Philipp Schöppe.
Nano-XRF measurements were performed in collaboration with Dr. Sven Schönherr,
as well as Konrad Ritter, Prof. Claudia S. Schnohr (Universität Leipzig), Dr. Andreas
Johannes, Dr. Damien Salomon (European Synchrotron Radiation Facility, ESRF), and
Dr. Gema Martı́nez-Criado (Instituto de Ciencia de Materiales de Madrid, CSIC). Parts
of this chapter are published in reference [67].
4.1. Motivation
The basis of this thesis is the measurement and evaluation of electron- and X-ray-based
fluorescence radiation spectra. To gain quantitative elemental information through
fitting of such spectra, the respective software (AZtec® for EDS and PyMCA [211] for
XRF) needs to model the background, and the characteristic X-ray peaks. Thereby, it has
to include the excitation probabilities for all elements for a given primary beam energy,
and needs to know the transition rates of the X-ray lines. In addition, pile-up and escape
peaks can also occur, and have to be taken into account. Thus, modeling fluorescence
spectra and determining absolute concentrations are still challenging. Therefore, it is
of great interest to learn about the limitations and experimental uncertainties of the
system using a well known reference material.
The EDS measurements focus on the investigation of the spatially resolved composition
on lamellae that were prepared out of thin film kesterite solar cells or absorbers with
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Figure 4.1.: (a) SEM image of the of the stoichiometric, single-phase CZTSe reference lamella. The
orange rectangle in (a) mark the area where EDS measurements were conducted and the evenly
distributed green rectangles exemplarily mark regions where spectra were extracted, in this case with a
size of 200 × 200 nm2. The average thickness of this lamella was approximately 310 nm. (b) EDS sum
spectrum, which shows the integrated intensity in the orange marked rectangle, together with a possible
background. For a single pixel the spectrum is illustrated in (c), while (d) shows the integrated spectra
for different areas with sizes ranging from 25 × 25 nm2 - 300 × 300 nm2.
thicknesses between 160 - 340 nm, as well as the examination of lateral variations.
An ideal reference consists of the same elements with a similar stoichiometry and
the same crystal structure. A stoichiometric, single-phase Cu2ZnSnSe4 powder has
all the desired properties and can be synthesized by solid sate reaction (see section
3.1.1). As the grain size of this powder was roughly 100 µm (compare figure 3.1) a
cross-sectional lamella could be prepared in the same fashion as described in section
3.1.5. Thus, the reference has a similar excitation volume and related spatial resolution
like the lamellae prepared out of CZTSe solar cells and CZTSSe absorbers, which are
investigated in chapter 5 and 6.
4.2. Calibration of energy-dispersive X-ray spectroscopy
Figure 4.1a shows the SEM image of the stoichiometric, single-phase CZTSe reference
lamella. EDS measurements with an electron energy of 30 keV were performed in the
orange marked rectangle. The corresponding sum spectrum in figure 4.1b reveals the
characteristic X-ray peaks of Cu, Zn, Sn and Se, on top of the continuous background
(for the elemental intensity maps see figure A.1 in the appendix). Note, the software
package AZtec® does not allow to extract the real shape of the fitted background,
thus a possible shape based on the noise level has been defined. Next to Cu a strong
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Table 4.1.: Nominal composition of the CZTSe reference and uncalibrated atomic concentrations deter-
mined from the EDS measurements, which were taken on the CZTSe reference. They were derived by
fitting the sum spectrum and the spectra of 20 individual spots which were evenly distributed through-
out the lamella for each spot size, respectively. The values represent the mean value and standard
deviation of the 20 selected areas. The blue highlighted values are used to calculate the calibration
factors.
Ni peak is visible, which stems from secondary excitation of the Ni grid on which
the lamella was mounted. For qualitative and especially for quantitative analyzes of
EDS spectra, the primary electron beam energy should be at least two times higher
(ideal value is ∼ 2.7) than the electron binding energy (so-called overvoltage ratio) in
order to efficiently generate fluorescence radiation [235]. Tin with an electron binding
energy of 29.20 keV for the K shell can not be excited by the restricted electron beam
energy of 30 keV. Fortunately, the L-lines at roughly 3.44 keV do not overlap with other
fluorescence lines and can be used for quantification, although their signal-to-noise
ratio is worse compared to the K-lines. For Cu, Zn and Se the K-edges are well below
15 keV and thus, suited to quantify these elements.
The composition of the sample can be extracted by fitting the EDS sum spectrum. The
results reveal a relative big overestimation of the cation elements accompanied with
a reduced anion concentration (see table 4.1) demonstrating the urgency to calibrate
the measurements. However, fitting the sum spectrum is not intended, because the
aim of this thesis is to study the elemental concentrations spatially resolved. Ideally a
single pixel can be used for quantification, but figure 4.1c clearly demonstrates that
the statistics of a single pixel and its signal-to-noise ratio is not sufficient, although it
is possible to force the software to perform a fit. The signal-to-noise ratio improves by
increasing the size of the integrated area, as shown in figure 4.1d, and an improved fit
is possible. By extracting and evaluating the spectra with the same size at 20 different
lateral positions, it was possible to define the experimental accuracy by the variations
between these different regions on the lamella. The calibration factors were calculated
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by their mean values assuming spatial homogeneity. Table 4.1 list the mean values and
standard deviations for different sizes areas. Similar to the previous discussed results
for the sum spectrum, the software AZtec® overestimates the cation concentrations and
underestimates the Se concentration. For a single pixel and for an area of 25 × 25 nm2
the mean values show a difference to the sum fit, because the statistics are too low to get
reliable results. Already at a size of 50 × 50 nm2 the concentrations show no significant
difference to the sum. Further, the standard deviations, reflecting the experimental
uncertainty improve drastically, which is in fact expected due to the improved signal-
to-noise ratio. Of course the aim is the best spatial resolution, but it is reasonable
to exclude one 1 pixel and 25 × 25 nm2 because the spectra are noisy. Moreover, the
extracted concentration does not fit to the sum spectrum and the standard deviation is
very high. Comparing the remaining values, the standard deviation improves until a
size of 200 × 200 nm2 is reached. Only a slight improvement for Cu and Se is noticeable
by further increasing the integration area. Thus, a size of 200 × 200 nm2 is an ideal
compromise of sufficient statistics and a still good spatial resolution. In principle, the
uncertainty could also reflect real compositional variations. Therefore, several spots
with a size of 200 × 200 nm2 were examined 20 times in a row on the same lamella and
under the same experimental conditions. The mean values and standard deviations
were similar for Cu, Zn, and Sn and only the deviation of Se was slightly increased
by 0.1 at.%. Nevertheless, the good agreement between the standard deviations of the
locally different areas and the consecutive measured areas proves the homogeneity of
this sample and that variations in table 4.1 correspond to the experimental uncertainty.
In general, it is also possible to improve the spatial distribution with an uncertainty
similar to 200 × 200 nm2 by extending the measurement time. To reduce the area to
100 × 100 nm2, the accumulation time has to be increased by a factor of 4, which
means an increase to 60 min/µm2. With sizes over 20µm2 for unknown samples a
measurement time of 20 hours or more is not feasible and other effects like sample
degradation or drift might play a role.
Finally, the calibration factors are calculated by dividing the nominal composition by
the mean value acquired from the 200 × 200 nm2 sized evaluation. In this thesis every
EDS measurement conducted on kesterite lamellae was further calibrated with the
values listed in table 4.1.
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Figure 4.2.: (a) SEM image of the of the stoichiometric, single-phase CZTSe reference lamella. The
orange rectangle marks the area where XRF measurements were conducted, and the evenly distributed
green rectangles exemplarily mark regions where spectra were extracted, in this case with a size of
200 × 200 nm2. The average thickness of this lamella was approximately 160 nm. (b) Integrated nano-XRF
spectrum of the entire investigated area, including the fit, background and pile-up. (c) Spectrum for a
single pixel (size: 50 × 50 nm2) with the corresponding fit.
4.3. Experimental uncertainty of nanoscale X-ray
fluorescence spectroscopy
The SEM image in figure 4.2a illustrates the stoichiometric, single-phase CZTSe ref-
erence lamella on which XRF measurements were taken at the ESRF with an X-ray
energy of 29.6 keV and a focal spot size of 52 × 54 nm2 (for details see section 3.2.1).
The corresponding XRF sum spectrum in figure 4.2b shows the integrated intensity in
the orange marked region together with the respective fit using the software package
PyMCA [211]. Similar to the EDS spectrum in figure 4.1b the characteristic peaks of
Cu, Zn, Sn, and Se can be identified on top of a continuous background, in this case
modelled using the software PyMCA [211]. The fitted intensity maps are illustrated
in figure A.2 (appendix). A major difference to the electron beam is the possibility to
excite the K shell of Sn, whose fluorescence peak is clearly visible at roughly 25.3 keV.
Moreover, the Ni peak is again present but also peaks in the energy region below
Ni and between Se and Sn. Some of these peaks originate from pile-up, others from
secondary excitation or scattered X-rays exiting the experimental setup, such as the
sample holder, piezo stage, etc. The single pixel spectrum in figure 4.2c is dominated
by the matrix elements of the lamella and the Ni peak from the grid. Remarkably, the
excellent signal-to-noise ratio allows to fit the spectrum of every individual pixel. An al-
most perfectly homogeneous distribution for the reference elements can be identified in
the fitted intensity maps in figure A.2 (appendix). As already discussed in section 3.2.1
during the XRF acquisition, the Ni grid slightly attenuates the fluorescence radiation,
thus the estimation of absolute concentrations is not possible. Since this attenuation
was homogeneous throughout the lamella relative changes between different areas
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Figure 4.3.: Deviation of the cation atomic concentrations for Cu, Zn, and Sn (a-c), and for the cation
ratios (d, e) from the respective mean value for the stoichiometric, homogeneous, single-phase CZTSe
reference lamella. These maps were calculated by subtracting the mean value of a particular map from
the actual value of every individual pixel.
Table 4.2.: Standard deviations of the cation atomic concentrations and cation ratios, determined from
the nano-XRF measurements, for a single pixel and with a size of 200 × 200 nm2 (16 pixel) based on 20
selected areas. The values of the EDS measurements are adopted from table 4.1.
are still reliable. Thus, figure 4.3 shows the maps of the relative differences for the
cation atomic concentration, namely ∆Cu, ∆Zn, and ∆Sn, and for the cation ratios,
namely ∆(Cu/(Zn+Sn), and ∆(Zn/Sn). They are calculated by determining the mean
value of a particular map similar to the EDS measurements, i.e., from 20 spots with
an area of 200 × 200 nm2.This mean value was then subtracted from the local value
for every pixel. The variations within these maps represent the noise level and can be
used to define the experimental uncertainty (standard deviation). Table 4.2 summarizes
the estimated experimental uncertainty for both the cation atomic concentrations and
the cation ratios based on the 20 spot evaluation for a single pixel and for a size of
200 × 200 nm2 (16 pixel). The sensitivity increased roughly by a factor of 2 for the
same resolution compared to EDS, which is of course expected due to higher counting
statistics.
4.4. Summary
A stoichiometric, homogeneous, single-phase CZTSe lamella was investigated by
electron- and X-ray-based spectroscopy techniques. The experiential determined com-
position by EDS is off-stoichiometric, demonstrating the urgency to calibrate all EDS
measurements conducted on CZT(S,Se) lamellae in the following chapters of this thesis.
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4.4. Summary
Since the composition and experiential uncertainty strongly depend on the statistics,
ideal parameters were found for an integration area of 200 × 200 nm2. They represent
the best compromise between an excellent signal-to-noise ratio, a good fit of the peaks,
and the best spatial resolution. In contrast, the XRF spectrum of a single pixel with
a size of 50 × 50 nm2 has a sufficient signal-to-noise ratio. Thus, it was possible to




5. Germanium incorporation in
homogeneous Cu2ZnSnSe4 solar cells
This chapter highlights morphological, compositional, structural, and microstructural
properties of Ge-doped CZTSe kesterite solar cells, which are correlated to electrical
parameters. These solar cells were fabricated and electrically characterized by Dr.
Sergio Giraldo from the group of Dr. Edgardo Saucedo (Catalonia Institute for Energy
Research, IREC). The cross-sectional lamellae were prepared by Dr. Sven Schönherr.
SEM and STEM images were taken in cooperation with Dr. Sven Schönherr and
Oliver Rüger. TEM investigations were conducted in cooperation with Dr. Philipp
Schöppe. Nano-XRF and nano-XANES measurements were performed in collaboration
with Dr. Sven Schönherr, Christian T. Plass, as well as Konrad Ritter, Prof. Claudia S.
Schnohr (Universität Leipzig), Dr. Andreas Johannes, Dr. Damien Salomon (European
Synchrotron Radiation Facility, ESRF), and Dr. Gema Martı́nez-Criado (Instituto de
Ciencia de Materiales de Madrid, CSIC). The CZTSe and CZGeSe reference samples
were synthesized by Dr. Galina Gurieva and provided by Prof. Susan Schorr (Helmholtz-
Zentrum Berlin für Materialien und Energie, HZB). The EBSD experiments were carried
out by Dr. Wolfgang Wisniewski (Alexander Dubček University of Trenčı́n). Parts of
this chapter are published in references [66–68].
5.1. Motivation
The main limitation of thin film kesterite solar cells is still the low VOC, which is
drastically reducing the efficiency. Recently, record conversion efficiencies of 11.8 %
[50] for pure selenide-based kesterite cells were achieved by introducing a superficial
Ge layer during the synthesis boosting the VOC from 400 mV for a Ge free reference
to 469 mV for the record device. So far it is only known that Ge improves the grain
morphology and helps to modify the reaction pathways of CZTSe from a tri-molecular
process towards a mainly bi-molecular process, by suppressing the formation of a
involuntary Sn–Se phase during the synthesis [50]. Moreover, other aspects like the
superior control of Na in the absorber and at the interfaces, or the improved charge
transport properties might also be accounted to the Ge introduction [203, 236, 237].
To gain a more comprehensive understanding of the origin of the improvement,
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Figure 5.1.: STEM-pHAADF image (a) and EDS intensity maps of the back contact (b) and the four
absorber elements (c-f) of a Ge-doped CZTSe solar cell with the nominal composition S1. The intensity
maps were obtained by integrating the counts for each pixel in an energy interval (see appendix
table A.1) for the individual elements. The small Mo signal within the absorber originates from
secondary excitation of the Mo back contact, while the Mo signal in the CdS layer stems from the strong
superposition of the Mo Lα-lines and the S Kα-line. The alleged Se signal in the Pt layer stems from a
combination of both effects, i.e., secondary excitation and the superposition of the Pt Lβ-line and Se
Kα-line. The average thickness of this lamella was approximately 210 nm.
Ge-doped CZTSe solar cells were fabricated with different nominal compositions in
order to determine the morphological, compositional, structural, and microstructural
properties of the devices. For details about the solar cell synthesis see section 3.1.2.
5.2. Morphology
The STEM image in figure 5.1a depicts the cross-sectional lamella prepared out of a
complete CZTSe:Ge solar cell with nominal Cu/(Sn+Zn) and Zn/Sn ratios of 0.83 and
1.13 (S1), respectively. The Mo back contact is visible at the bottom of the micrograph
on top of the CZTSe:Ge absorber was grown on. A more detailed examination of
the micrograph reveals a thin MoSe2 interface layer formed during the selenization
process with a thickness of roughly 200 nm, which has a mainly beneficial effect on the
charge collection and will likely not contribute to VOC losses [238]. The dark regions
at the CZTSe/MoSe interface indicate the formation of several voids with varying
sizes ranging from a few hundred nm up to more than 1µm. The exact origin is not
yet known and several reasons should be considered: fast Cu out-diffusion [239], the
formation and evaporation of SnSe [240, 241], the dezincification of the precursor
layer stack caused by emerging ZnSe [240], or the reaction of CZTSe with Mo [242].
Detrimental effects to the conversion efficiency are very likely, because roughly 19 %
of the absorber is missing for light conversion. Moreover, the reduced direct electrical
contact between absorber and MoSe2 layer likely contributes to an increased series
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resistance (Rseries). Thus, both effects will likely reduce short circuit-current density
(JSC) and the fill factor (FF) [243]. The lamella also showed small nanometric voids at
the back contact (see blue circle), which are not expected to have critical effects, as
the minority and majority charge carrier diffusion length surpasses 500 nm, which is
much higher than the void size [244]. The polycrystalline absorber is characterized
by large grains with sizes lager than 1 µm in diameter in perfect agreement with the
assumption of an improved grain growth due to the presence of Ge during the growth
[41, 49, 50, 236, 245]. The absorber is covered with the CdS buffer layer onto which
the front contact, consisting of an i-ZnO and ITO layer, was sputtered. Finally, the
protective Pt layers, i.e., electron beam and Ga-ion beam deposited Pt are visible, which
were was deposited during the lamella preparation (see also section 3.1.5).
Similar morphologies and no significant differences were also found for the lamellae
prepared out of solar cells with different nominal compositions S2 and S3 (see figure
5.5a and 5.6a).
5.3. Detecting the spatially resolved composition and
off-stoichiometry types
Compositional variations of the absorber and possible formations of secondary phases
can significantly influence the device performance [32, 36, 246–252]. Therefore, EDS
measurements were carried out on the same lamella shown in figure 5.1a to gain
insight into the chemical identity of the absorber. Details about the measurements can
be found in section 3.3.4 and 4.2.
The EDS spectrum in figure 5.2a illustrates the integrated fluorescence intensity de-
tected on the lamella and the possible background. The absorber elements Cu, Zn,
Sn, and Se are clearly identifiable together with the front and back contact elements.
The Ni signal originates from the grid, similar as the Ni signal observed for the
CZTSe reference. One of the key challenges is the identification of Ge. Therefore, the
inset shows a magnification of the spectrum from 9 - 10.5 keV covering the Ge Kα
fluorescence line at 9.886 keV. Since the signal is almost in perfect agreement with
the background, Ge is either absent or below the detection limit. Nevertheless, EDS
provides the possibility to investigate the remaining elements including their spatial
distributions and compositions.
The corresponding EDS maps in figure 5.1b-f illustrate the intensity maps of the Mo
(Lα-line) back contact and the four absorber elements of interest. Apparently, these
maps reflect similar layers like the STEM image except for Pt, Cd, and S whose intensity
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Figure 5.2.: EDS spectra taken on a lamella prepared out of a Ge-doped CZTSe solar cell, integrated over
the entire area of the lamella (a) and in an area of 200 × 200 nm2 (b), with their possible backgrounds.
The elements of interest are marked by arrows. The insets show a magnification of the respective spectra
in the energy region from 9 - 10.5 keV, covering the Ge Kα fluorescence line at 9.886 keV.
maps are not shown here. The Mo map reveals a strong signal at the bottom of the
image followed by a layer that correlates with the Se map proving the formation of
the MoSe2 interface layer. A relatively low and apparent Mo signal in figure 5.1e is
also present in the absorber and a more pronounced one in the CdS layer. This is a
result of secondary excitation and the superposition of two fluorescence emission lines.
The latter is clearly present for the Mo Lα-lines at 2.29 keV and S K-lines at roughly
2.30 keV (figure 5.3a), whereas the alleged Mo signal in the absorber layer is the result
of secondary excitation. The combination of both effects also explains the strong Se
signal in the Pt layer (figure 5.1c), because the Pt Lβ-line at 11.07 keV overlaps with
the Seα-line at 11.22 keV (figure 5.3b) and the distinct Se peak indicates secondary
excitation by high energy photons, which likely originate from Lγ transitions. The very
small signals of Cu, Zn, and Sn in the Pt and front contact layers can be also explained
by secondary excitation.
The absorber layer can be localized by comparing the STEM image and the intensity
maps. Remarkably, a homogeneous distribution of the matrix elements is present.
It has been reported that secondary phases were observed in Cu-poor and Zn-rich
kesterite-based absorbers especially at the surface [253–256] and back contact [253,
256–261], but no depletions or hotspots indicate the formation of other phases apart
from the kesterite. These findings are in excellent agreement with recent Raman spec-
troscopy [41, 262], TOF-SIMS [41], and glow discharge optical emission spectroscopy
measurements [263]. Thersleff et al. [245] employed electron energy loss spectroscopy
measurements to similar fabricated Ge-doped CZTSe layers and found a two layer
system in the absorber, one less Cu-poor (top layer) with respect to the other (bottom
layer). In their case, however, the absorber was grown under slightly different condi-
tions, i.e., with 10 nm Ge on top of the precursor and no Ge on the Mo layer, whereas
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Figure 5.3.: Comparison of the normalized EDS spectra taken on the lamella as shown in figure 5.1a at
different lateral positions. (a) Spectra taken from the Mo and CdS layer revealing the strong superposition
of the Mo Lα-lines and S Kα-lines. (b) EDS spectra taken on the Pt layer and on the CZTSe:Ge absorber,
demonstrate a partly superposition of the Pt Lβ-lines and the Se Kα-lines. Moreover, a clear Se peak is
also visible in the Pt spectra, which indicates secondary excitation.
in the present case a 5 nm layer was deposited on the Mo layer in addition to the 10 nm
on top of the precursor. Thus, the formation of a bi-layer system is likely prevented
using ideal quantities of Ge [50] promoting the homogeneous elemental distribution
in such absorbers. The strong dependence on the ideal Ge amount is corroborated
by Giraldo et al. [49], who found ZnSe and Cu related secondary phases when the
Ge thickness surpasses 25 nm. As already mentioned earlier, the presence of ZnSe
secondary phases was extensively investigated when the initial Zn/Sn ratio exceeds
a value of 1.09 ± 0.04 for pure selenides [35]. Thus, the absence of ZnSe secondary
phases in the present case can likely be explained by the presence of Ge [50]. On the
other hand, the limited conversion efficiency and especially the low VOC can not be
explained by the formation of different phases.
To analyze the composition in even more detail, 20 spots with a size of 200 × 200 nm2
were defined on the absorber and the concentrations were determined by fitting the
respective spectra with the software AZtec®. Subsequently, the atomic concentrations
were calibrated with the calibration factors listed in table 4.1. Figure 5.4 plots the Zn/Sn
as a function of the Cu/(Zn+Sn) ratio for the randomly chosen 20 calibrated spots
(orange circles). Their mean value with its standard deviation is given by the red circle
and the nominal growth composition by a black star. The dark gray area corresponds
to one standard deviation and the light gray area to two standard deviations obtained
from the measurement of the stoichiometric CZTSe reference in section 4.2. As a visual
guide, figure 5.4a illustrates the data taken on the stoichiometric CZTSe reference. The
mean value reflects the stoichiometry of CZTSe in accordance to the calibration, i.e.,
Cu/(Zn+Sn) = 1.00 and Zn/Sn = 1.00 and the data points of the 20 individual spots
are randomly distributed around it. Implying a homogeneous reference sample and
a Gaussian distribution of the data, the standard deviation reflects the experimental
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Figure 5.4.: Calibrated cation ratio plots of the CZTSe reference (a) and the three investigated solar
cells (S1-S3) with different nominal composition (c-d). The orange circles illustrate the composition
of the 20 individual spots, while the red circle marks their average, with the corresponding standard
deviation as error bars. The black star illustrates the nominal composition. The dark and light gray areas
represent one and two times the standard deviation, evaluated from the reference, and plotted with
respect to the average composition for the different absorbers. The solid and dashed blue lines show all
off-stoichiometry types (A-L) of kesterite. (The off-stoichiometry types are adapted from [36, 184, 186,
187].
accuracy containing 68 % (dark gray area) and 95 % (light gray area) of the data points
for one and two times the deviation, respectively. Real fluctuations of the local absorber
composition are present when the variation of the 20 individual data points of an
unknown sample clearly exceeds these experimental uncertainties.
Figure 5.4b shows the calibrated cation ratios for sample S1. Remarkably, the nominal
and probed concentrations are in very good agreement (the star matches the dark gray
area). Just et al. proposed that the CZTSe composition always coincides with the point
of stoichiometry and that it is not possible to grow Zn-rich CZTSe because excess Zn
will segregate in secondary phases [35]. Here, the beneficial effect of Ge likely helps to
grow off-stoichiometric kesterite by suppressing the formation of other phases apart
from the kesterite. In their case, however, the solar cells were prepared by non-vacuum
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Table 5.1.: Calibrated compositions of the cation atomic concentrations and cation ratios of the CZTSe
reference and the three investigated solar cells with composition S1-S3 determined by EDS. The values
display the mean value and standard deviation of 20 selected areas that were evenly distributed on
the absorber. The nominal composition was determined by global XRF measurements. For details see
section 3.1.2.
solution processing, thus effects from the different synthesis route can not be ruled
out [35]. The error bars in figure 5.4 indicate the variation of the 20 different spots
and symbolize the (in)homogeneity of the sample. Indeed for S1, the error bar of the
Cu/(Zn+Sn) ratio (see table 5.1) is almost similar to the reference (light gray area),
whereas the observed data fluctuations for the Zn/Sn ratio is almost twice as high
as the reference. This clearly demonstrates the presence of real spatial fluctuations of
the local absorber composition, which mostly concerns the Zn and Sn distributions.
These variations are inherently connected to different off-stoichiometry types named
A-L [36, 184, 186, 187], which were proposed based on cation substitution reactions,
while assuming charge balance and unchanging valence states [186]. These types
are drawn as solid and dotted blue lines in figure 5.4. In agreement with the initial
conditions, the integral absorber composition matches the A-type featuring favorable
Cu vacancies VCu and ZnCu anti-site defects [186]. They form a shallow donor (ZnCu)
and acceptor levels (VCu) leading to the beneficial p-type conductivity [32]. In terms of
the 20 individual spots and considering the experimental accuracy, most of the spots
correspond to the A-type as well. Nevertheless, some spots also indicate a mixture
of A-type defects with either B- or L-type. They form ZnCu, ZnSn, and SnCu anti-sites
[186, 187] that are connected to deep donor and acceptor states [32], where electrons
might recombine reducing the conversion efficiency.
The same EDS evaluation was also performed for two different solar cells, prepared
under the same growth conditions, one (S2) with an even Cu-poorer and Zn-richer
nominal composition (Cu/(Sn+Zn) = 0.77 and Zn/Sn = 1.19) and one (S3) with a
composition close to the stoichiometry (Cu/(Sn+Zn) = 0.94 and Zn/Sn = 1.04). The
respective STEM images and EDS intensity maps are depicted in figure 5.5a-f and
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Figure 5.5.: STEM-BF image (a) and EDS intensity maps of the back contact (b) and the four absorber
elements (c-f) of a Ge-doped CZTSe solar cell with the nominal composition S2. The average thickness
of this lamella was approximately 170 nm.
Figure 5.6.: STEM-pHAADF image (a) and EDS intensity maps of the back contact (b) and the four
absorber elements (c-f) of a Ge-doped CZTSe solar cell with the nominal composition S3. The average
thickness of this lamella was approximately 250 nm.
5.6a-f. They are influenced by the same superposition of the fluorescence lines and
secondary excitation, which has been already discussed for sample S1. Interestingly, the
absorbers of both samples reveal a comparable homogeneity like S1 and the absence of
secondary phases. Even more interesting is the classification of the off-stoichiometry
types. In accordance to sample S1 the nominal and integral composition of S2 and S3
(figure 5.4c and d) almost match perfectly including the assignment of the integral
composition to the beneficial A-type. Nevertheless, an increased standard deviation for
the Zn/Sn ratio points to the formation of different domains for both samples. Most
of the individual spots are assigned to the A-type for S2, but a small fraction is likely
a mixture of the A-type in combination with harmful B or L off-stoichiometry types.
Sample S3 mainly possesses the A-type for the individual spots. In addition to the
already observed B- or L-type defects, some domains might also be a mixture or only
J-type. The latter implies SnCu and VCu point defects [187] forming a likely detrimental
deep donor and a shallow acceptor state [32], respectively. Furthermore, the Zn-poor
condition of the J-type likely facilitates the formation of harmful (2Cu−Zn + Sn
2+
Zn ) defect
complexes [32], thus reducing the effective band bag [30].
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Figure 5.7.: Illuminated JV curves of the samples with nominal composition S1-S3 (a) and selected
electrical device parameter (b).
Summarizing, the nominal and integral compositions coincide, which proves the pos-
sibility to grow Cu-poor and Zn-rich kesterite absorbers over a wide compositional
range facilitating the Ge containing sequential process. The absorbers are almost as
homogeneous as the CZTSe reference for the Cu/(Zn+Sn) ratio and real spatial fluc-
tuations in the local kesterite composition mainly concerns the Zn/Sn ratio whose
standard deviation increases by almost a factor of 2.
5.4. Correlation of the absorber properties with the
conversion efficiency
It has been observed that the absorbers are free of Cu, Zn, and Sn related secondary
phases and possesses the intended nominal composition for most regions. Now it is of
great interest to explore the electrical parameters of the devices. Figure 5.7 shows the
illuminated JV curves and selected electrical device parameters for the three different
absorber compositions. The illustrated performance parameters are affected by several
characteristics, such as interface recombination [251], band alignment between the
different layers [264–266], non-passivated grain boundaries [267], etc. and care has
to be taken when comparing single parameter with selected intrinsic properties. The
highest conversion efficiency (µ) of 8.5 % is achieved for the Cu-poorest and Zn-richest
composition S2. A slightly decreased efficiency of 7.6 % was observed for S1, while
the one close to stoichiometry yields the lowest conversion efficiency of almost 0 %.
The three different absorbers show a similar morphology and are free of secondary
phases. They feature a similar homogeneity, and the absorbers are dominated by the
off-stoichiometry type A. Of course, the local off-stoichiometry types cause variations
of the intrinsic defects and their concentrations [36, 184, 186, 187], which might lead to
varying electrical and optical properties. Thus, the suppression of off-stoichiometry
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types other than A by improving the Zn/Sn homogeneity might improve the device
performance. Comparing the conversion efficiency with respect to each other, the
higher efficiency of S2 compared to S1 can presumably be explained by the higher
doping level, which decreased series resistance of S2. However, a different contact area
to the back contact could explain the improvement as well. The big difference to S3
can not be explained by strong lateral compositional variations or the formation of
a different phase. However, the reduced doping level and possibly the formation of
detrimental (2Cu−Zn + Sn
2+
Zn ) complexes reduce the efficiency of the device. Thus, these
strong efficiency variations explicitly shows the strong need of Cu-poor and Zn-rich
conditions.
In fact, the absorbers are already exceptional homogeneous and are characterized above
all by the beneficial off-stoichiometry A type. An even more homogeneous distribution
might improve the efficiency, but will presumably not explain the difference to the
Shockley–Queisser limit and to state of the art Si- and CIGS-based solar cells. This
indicates other origins of the low VOC and the related conversion efficiency and that
the absorber itself is not the main limitation in these solar cells.
5.5. X-ray fluorescence analysis of Ge-doped CZTSe
solar cells
In section 5.3 it was shown that Ge-doped solar cell absorbers are free of Cu-, Zn-,
and Sn-based secondary phases. The main elements reveal a fairly homogeneous
distribution, and possess the intended integral composition, while locally slight dif-
ferences occur. However, the question remains whether Ge is really absent or the
amount of Ge is not detectable in EDS. Variations at grain boundaries, which were
also found for kesterite-based solar cells [40, 245, 268, 269] are also not resolved by
EDS. Synchrotron-based nano-XRF was employed to lamellae prepared out of the same
solar cells, but on slightly different positions, in order to increase the sensitivity and
detection limits. It has already been demonstrated in literature that this technique is a
powerful tool to reveal lateral variations even on nanometer scales [36] or fluctuations
at grain boundaries [56–58]. For details on the measurements see section 3.2.1.
Figure 5.8a shows the integrated nano-XRF spectrum measured of the lamella shown
in figure 5.9a and the fit by the software PyMCA including background and pile-up.
Similar fluorescence peaks of the absorber elements are discernible on the background
in agreement with the EDS spectrum in figure 5.2a. Characteristic X-ray peaks of the
front- and back-contact elements, the Ni grid, and the Pt layer are also visible. The
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Figure 5.8.: Nano-XRF spectra taken on a lamella prepared from a Ge-doped CZTSe solar cell. The sum
spectrum is shown in (a), while (b) shows the spectrum of a single pixel, with a size of 50 × 50 nm2 that
was taken on the absorber. The fit, background and pile-up was calculated using the PyMCA code [211].
Magnifications shows the respective spectrum in an energy rage of 9.5 - 10.2 keV covering the K-edge of
Ge.
Figure 5.9.: STEM-pHAADF image and fitted XRF intensity maps of the Mo back contact (b) and the
four absorber elements (c-f) of sample S1. The intensity maps show the integrated counts of each element
for each pixel, obtained by fitting the corresponding spectrum with the software PyMCA [211]. The
slightly increased Mo signal at the surface of the voids is an artifact from the lamella preparation. The
orange rectangle marks the region, which is suited to calculate the relative maps in figure 5.10. The
average thickness of this lamella was approximately 160 nm.
Fe and Zr peaks were already discussed for the CZTSe reference (see section 4.3) and
likely originate from the experimental setup. The most interesting new peak is clearly
visible in the magnification of the figure 5.8a, whose energy coincides with the Ge
Kα-line at 9.886 keV. Therefore, in addition to the homogeneity of the absorber the
following sections also examine the presence of Ge.
5.5.1. Evaluation of nanoscale compositional fluctuations
In a pixel-by-pixel based analysis, it is possible to extract elemental intensity maps by
fitting each single spectrum (see figure 5.8b) individually using the PyMCA code [211].
Figure 5.9 depicts the integrated counts for each pixel of the Mo back contact (b) and
the absorber elements (c-f). It is evident that the absorber consists of the same layered
geometry and feature the same characteristics, which have already been discussed in
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Figure 5.10.: Deviation of the cation ratio from the respective mean value for the Cu/(Zn+Sn) and
Zn/Sn ratio. These maps were calculated by subtracting the mean value of a particular map from the
actual value of every individual pixel for the CZTSe reference (a,b) and the three different compositions
S1-S3 (c-h). The gray areas mark the regions where no CZTSe:Ge absorber was present, such as the Mo
back contact, the MoSe layer, voids, Pt and air.
section 5.2. In accordance to the EDS maps in figure 5.1, the XRF maps present the
same homogeneous distribution and apparently no intensity variation indicating the
formation of secondary phase segregation.
The next step would be the conversion of the intensity to atomic concentrations.
However, the lamella ridges and the Ni grid onto which the lamella was mounted,
attenuated the created fluorescence radiation during the measurement, which makes a
quantification impossible (for details see section 3.2.1). Maps of the relative differences
of the cation ratios, named ∆(Cu/(Zn+Sn)) and ∆(Zn/Sn), were calculated similar to
the maps in section 4.3. Figure 5.10c and d show the relative maps calculated in the
orange marked region in figure 5.9a. Sample areas without absorber are colored by a
light gray.
The ∆(Cu/(Zn+Sn)) map in figure 5.10c appears to be as homogeneous as the CZTSe
reference (see figure 5.10a and b) in the bulk absorber and apart from the upper right
area where the Cu content increases, the deviation does not overcome the experimental
uncertainty of 0.04 for a single pixel (see table 4.2). On the other hand, at the interface
to the front contact specific regions show a reduced or increased Cu content, while at
the back interface the Cu content is increased. The variations in the ∆(Zn/Sn) map
validate spatial fluctuations of the local absorber composition deduced from figure
5.4b and the formation of different off-stoichiometry types. Particularly in the vicinity
of the interface to the CdS buffer layer, the absorber is even richer in Zn compared to
the bulk, while at the back contact the inverted case prevails. An even more detailed
comparison with EDS is possible by comparing the standard deviations based on the
20 individual spots with a size of 200 × 200 nm2. Table 5.2 lists the corresponding
deviations corroborating that fluctuations mostly concerns the Zn and Sn distributions.
56
5.5. X-ray fluorescence analysis of Ge-doped CZTSe solar cells
Table 5.2.: Standard deviations of the cation ratios determined from the nano-XRF measurements, for
the CZTSe reference lamella and the three different samples S1-S3. Similar to the EDS evaluations, 20
randomly chosen areas were defined to determine these deviations.
The deviation of the Cu/(Zn+Sn) ratio matches the experimental uncertainty, which
demonstrates that the elemental distribution is even more homogeneous than expected
from EDS. This also includes the homogeneity at grain boundaries, whose positions
become visible comparing the relative maps with the STEM-pHAADF image in figure
5.9a.
Similar nano-XRF studies were also performed for the lamellae of samples S2 and S3.
Again the intensity maps reveal an exceptional good homogeneity (see figure A.3 and
A.4 in the appendix), which is also reflected in the deviation maps in figure 5.10e-h.
The Cu/(Zn+Sn) ratio reveals the same standard deviation like the reference (see table
5.2) in accordance to the previous results. Real spatial fluctuations are only present
for the Zn and Sn distribution. Furthermore, the interfaces of both samples show in
selected areas a slight decrease of the Cu content towards the front contact as well as
an increase at the back contact. The ∆(Zn/Sn) maps reveal a similar distribution like S1
for both, the absorber and interfaces, but it is worth noting that a reduced Zn content
for S2 was only observed in the bottom left corner (see figure 5.10f). These results are in
excellent agreement with latest Raman measurements on similar cells with composition
S2 showing a reduced amount of Cu vacancies VCu defects at the back interface region
with respect to the front interface [68]. In addition, surface related Raman and Auger
electron spectroscopy measurements indicate variations of the cation ratios between the
different grains related to variations in the VCu and ZnSn defect density, which is in fact
in perfect agreement with the observed compositional variations at the surface [68]. As
already mentioned, variations within the absorber might cause different performances
of individual areas and band fluctuation, but interface variations can also strongly
influence carrier recombination. Recent HRTEM revealed line and point defects at the
surface of the absorber and a transitional region at the CdS/CZTSe interface of about
6 nm. This region has a worse crystallinity than the reaming absorber and contains
a high density of line and point defects [68]. These results fit very well to the here
observed variations at the front interface. Admittance spectroscopy measurements
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Figure 5.11.: Comparison of the Ge (a) and Platinum (b) ROI intensity maps of a CZTSe:Ge lamella with
composition S1 measured with nano-XRF. The pixels show the integrated intensity in an energy interval
between 9.81 to 10.07 keV for Ge and 12.85 to 13.18 keV where the isolated Pt Lγ1-line is located.
also indicate a higher density of trapping centers at the front interface [68]. The here
observed variations at the front contact corroborate that the main problem is likely not
the absorber, but the interface region between the CdS and CZTSe layer. Removing
the transition layer or a surface passivation might reduce the recombination as already
proposed by several groups [270–274]. Moreover, no variations at grain boundaries are
discernible.
Finally, the same examinations were also carried out on 3 more lamellae: one for each
stoichiometry. They also showed a very homogeneous absorber with variations mainly
concerning the Zn/Sn distribution. Furthermore, similar elemental variations were
found at the interfaces and no compositional fluctuations at grain boundaries were
observed at all.
5.5.2. Detection of Germanium
In figure 5.8a a small peak at roughly 10 keV indicates the presence of Ge (Kα:
9.886 keV).1 The fluorescence radiation of the Pt Lη-line (∼ 9.975 keV) has a simi-
lar energy, which at first glance does not seem to be a problem since Pt is not present
in the absorber. But by considering scattering of the incident beam and secondary
excitation, the origin of the signal might also be explained by Pt. To determine the
origin of the signal figure 5.11a shows the ROI map in the energy range from 9.81 to
10.06 keV covering the Ge Kα-line at 9.886 keV. A distinct signal is present in the ab-
sorber layer but also in the Pt layer. To verify that the signal in the absorber stems from
Ge, figure 5.11b illustrates the ROI map in the energy range from 12.85 to 13.18 keV.
In this interval the Pt Lγ1-line is isolated. If the signal originates from Pt, the lateral
distributions have to coincide. The map reveals a strong signal in the actual Pt layer
1The Ge Kβ-lines at 10.982 keV cannot be used for the evaluation, because their intensity is too low
and it heavily overlaps with the orders of magnitude higher Se K-line intensity.
58
5.5. X-ray fluorescence analysis of Ge-doped CZTSe solar cells
Figure 5.12.: Estimation of the minimum detection limit of Ge for 1 pixel. The calculated CZTSe
spectrum was adjusted to coincide with the measured CZTSe reference (a). Calculated spectra with a
Ge concentration between 0.2 at.% and 1.0 at.% in comparison to the measured spectrum, in an energy
range between 9.5 - 10.2 keV covering the K-edge of Ge.
and noise in the remaining area. Compared to 5.11a a similar signal is also present in
the Pt layer but a clear difference within the absorber layer is apparent, demonstrating
that the signal and variations indeed stem from Ge and are reliable. The intensity
within the protective Pt layer thus originates from the superposition of Ge and Pt lines
in combination with secondary excitation by high energetic Pt fluorescence radiation.
5.5.3. Detection limit of Germanium
The presence of Ge in the absorber has been confirmed, thus it is of particular interest
to identify the minimum detection limit (MDL), which represents also the experimental
uncertainty. A comparable lamella that contains Ge which is crystallized into the
structure of kesterite may serve as an ideal reference, because the background of an
X-ray spectrum depends on the properties of the sample, such as composition, density,
and thickness. Considering the Ge concentration is well known, the detection limit
can be determined by the measurements signal-to-noise ratio [275]. The homogeneous
CZGeSe sample that was used as a reference for the nano-XANES measurements in
section 5.6, would serve as such an ideal reference for the nano-XRF measurements.
Unfortunately, this sample was not accessible during the beam time where the Ge-
doped CZTSe solar cells were investigated. Thus, the MDL is estimated by an iterative
process by comparing the measured XRF spectrum of the CZTSe reference with
calculated spectra whose Ge content varies.
Figure 5.12a shows the measured CZTSe spectrum for 1 pixel and the corresponding
calculated spectrum, which was obtained using the software PyMCA [211]. The first
step to calculate this spectrum implied the specification of all know parameters such as
the detection angle, distance to the detector, active area of the detector, and exposure
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time. Subsequently, the photon flux of the primary beam was adjusted in such a way
that the measured spectrum and the calculation are in good agreement, as shown in
figure 5.12a. To estimate the MDL, different concentrations of Ge were added to the
matrix (figure 5.12b). The calculated spectrum was further compared to the average
noise signal, which was determined in the energy region from roughly 15 - 20 keV, to
estimate at which concentration the Ge Kα-line becomes significant. Although a noise
signal of less than or equal to 2 counts can be identified in the region of the Ge Kα-line
in figure 5.12b, the estimation should be rather conservative. Thus, an average noise
signal of 3 counts was used, instead of 2 counts. Figure 5.12b shows the result of this
calculation with Ge concentrations between 0.2 - 1.0 at.%. For 0.2 at.% the calculated
Ge peak is not significant, since it is below the noise signal. The calculated spectrum
becomes more distinct and exceeds the noise signal with increasing Ge content. At a
Ge concentration of 0.6 at.% the peak is higher than the noise signal. However, the peak
maximum exceeds the noise by only 1 count. Considering a conservative estimation,
the choice of MDL is therefore 0.8 at.%, although 0.6 at.% could also have been used.
Since the MDL for a single pixel exceeds the integral amount of 0.5 at.% that was
introduced during the synthesis process, the area/statistic was increased. The MDL
was estimated based on the previously described process for 4 pixel to 0.2 at.% and for
9 pixel to 0.08 at.%.
5.5.4. Germanium distribution in correlation with microstructural
elements
The STEM-pHAADF image in figure 5.13a depicts the same cross-sectional lamella as
shown in figure 5.9 of sample S1 and the corresponding fitted Ge intensity map in
figure 5.13b. The data demonstrates that Ge remains in the absorber after the synthesis
and is incorporated in the grains. Other groups extensively studied the presence and
distribution of Ge by utilizing EELS [245] and SIMS [41] measurements. In contrast to
the present results, they only detected nanoscale inclusions at selected grain bound-
aries [245] and indicated that Ge remains in the top-half part of the absorber, but is
missing in the bottom half [41]. However, the results in figure 5.13b unambiguously
demonstrate that Ge is laterally inhomogeneous distributed throughout the absorber
layer. The latter reveals areas with a relative uniform distribution, but also areas where
Ge appears to be depleted or completely absent and characteristic hotspots. In contrast
to the SIMS results [41], a generally higher Ge concentration in the lower half of the
absorber (towards the back contact) seems to be present, while in the upper half and
only a few regions also possess a relative high intensity. The results seem not contra-
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Figure 5.13.: Microstructural characterization and Ge distribution of the cross-sectional lamella taken
out of sample S1 with an averaged thickness of 160 nm. (a) STEM-pHAADF image revealing the grain
boundaries of the lamella. (b) Ge intensity map measured via nano-XRF. The fitted Ge counts, which
were evaluated with the software PyMCA [211], are depicted for each pixel. Within the energy region
of Ge, the Pt Lη-line partly overlaps with the Ge K-lines, which leads to a signal in the protective
Pt layer. The black squares (A,B) mark exemplarily areas where the Ge concentration was quantified.
The red arrows indicate grain boundaries with a comparatively homogeneous Ge intensity, while the
black arrows point to grain boundaries with a depleted signal. (c) Kikuchi pattern taken on a selected
CZTSe:Ge grain, demonstrating the excellent pattern quality if only one grain with a certain orientation
contribute to the EBSD pattern and a worse quality (d) if two grains with different orientation contribute
to a single EBSD-pattern. (e) All-Euler map superimposed with the band contrast map obtained from an
EBSD scan. The highly symmetrical Σ3 twin boundaries are highlighted by white lines.
dictory, considering the missing lateral resolution of SIMS. In order to understand the
reason for the heterogeneous Ge distribution, the map in figure 5.13b was compared
to the STEM image in figure 5.13a. It becomes evident that the distribution of Ge
correlates with the presence of different grains and their boundaries. A mainly even
Ge distribution can be identified for single grains and significant variations seem
to be present only between different grains. Grain boundaries reveal a significant
Ge depletion although only certain grain boundaries are affected. To investigate this
correlation in detail, the grain orientation was determined by EBSD. This enables the
determination of the misorientation of adjacently grains and the classification of the
grain boundary. An excellent Kikuchi pattern quality was obtained for most spots
on the lamella (figure 5.13c). Still care has to be taken when two grains contributed
to the same pattern (figure 5.13d), because then the indexing algorithm considers
the Kikuchi bands from a single lattice and indexing might be wrong or completely
fails. Figure 5.13e depicts the all-Euler map superimposed with the band contrast (BC)
map of the performed EBSD scan. Brighter areas represent a good quality of Kikuchi
patterns and darker shades illustrates a lower pattern quality. The color code indicate
the Euler angles (ϕ1, Φ, ϕ2), which present the rotation of the corresponding location
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with respect to the fixed sample coordinate system. They were used to calculate the
crystallographic direction of the grains [276, 277] (see inverse pole figure+BC (IPF+BC)
map in figure A.5 in the appendix). In the next step, the misorientation of adjacent
grains was determined providing the possibility to classify the grain boundary. In
the present case, the twinning relations had to be defined as 60◦ rotations around
the ⟨111⟩ direction and as 70.53◦ rotation around the ⟨110⟩ direction in an approxi-
mated cubic structure [232] instead of 60◦ rotations around the ⟨221⟩ direction and
as 70.53◦ rotation around the ⟨110⟩ direction in the tetragonal lattice [231, 278]. For
details concerning the measurement see section 3.3.3. The highly symmetrical Σ3
grain boundaries with a 60◦-⟨111⟩c misorientation are highlighted by white lines in
figure 5.13d. Apparently, the investigated area did not contain grain boundaries with
a misorientation of 70.53◦-⟨110⟩c. EBSD is fairly surface sensitive with information
depths less than 100 nm [279], compared small to STEM and XRF where the entire
160 nm thick lamella was examined. Thus, not every grain boundary might be visible
and indexed in the EBSD map. Nevertheless, the correlation between grain boundaries
and the presence of Ge reveal a depletion for the random grain boundaries (see black
arrows in figure 5.13b) while the Σ3 twins remain unchanged (see red arrows). One
exception seems to be present in the upper right corner of the map (see orange arrow).
Here, a Σ3 twin boundary exhibits a depleted signal. This can be likely explained by
superposition of two grains with different orientation. The probed grain forms a Σ3
twin with the adjacent grain and the grain below likely a random grain boundary,
which creates the impression that the Σ3 twin grain boundary is Ge depleted.
The applied techniques do not allow to investigate the cause for the depletion. However,
a Ge depleted growth front during the synthesis might be a possible explanation for
depleted grain boundaries. The latter can be formed by two scenarios: by a stacking
fault (likely forms Σ3 twin grain boundary) and if two growth fronts encounters with
different orientations (likely forming random grain boundaries). The grain growth
continues in the same way as before after a stacking fault, thus Ge is built-in similarly.
However, if two growth fronts with different orientation encounter, the growth sud-
denly stops and a depleted grain boundary is formed. This might be explained by a
Ge depleted growth front and a time delayed incorporation.
In order to quantify Ge, XRF spectra were extracted in different areas on the absorber,
summed up over 9 pixels for the CZTSe:Ge absorber and over 4 pixels for the hotspots
and fitted using the software PyMCA [211]. The evaluated concentrations drastically
depend on the position and reached maximum concentrations of up to 0.5 at.% ± 0.08
(see area A in 5.13b) and minimum concentrations of about 0.1 at.% ± 0.08 (see area
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B in 5.13b), which is in excellent agreement with the integral amount of 0.5 at.% that
was introduced during the synthesis process. Note, the Ge fluorescence signal also
suffers from the previous mentioned attenuation by the Ni grid. Thus, the absolute
values present a rough estimate rather than an exact quantification. The supposedly
missing Ge agglomerates in hotspots, whereby the concentration rises up to 1.8 at.% ±
0.2 depending on the position and size of the hotspots.
Germanium is usually used to alloy CZTSe solar cells [48] partially exchanging Sn
in the lattice. This incorporation widens the band gap almost gradually from 1.0 eV
to 1.35 eV for 0 at.% and 12.5 at.%, respectively [280]. In the investigated absorber of
sample S1, the maximum concentration of 0.5 at.% causes a rather small enlargement
of the band gap of 15 meV. This nearly unaffected band gap is in excellent agreement
with Giraldo et al., who found similar results by PL and EQE measurements [41, 49].
Thus, the enhanced conversion efficiency cannot be explained by an overall enlarged
band gap.
In addition to the overall band gap, the local band alignment can influence the elec-
tronic properties. Ge was found to remain rather in the lower half of the absorber. The
incorporation of Ge increases the conduction band minimum, while the valence band
is nearly unaffected [199]. This band bending results in a small force that drags the
electrons towards the front contact, which probably enhance the efficiency slightly.
Although the overall effect of Ge is beneficial, the depletion at grain boundaries leads
to a small force for the electrons towards the random grain boundaries, since the
conduction band minimum is slightly decreased [199]. Random grain boundaries are
known to feature detrimental defect states due to dangling and wrong bonds. A force
for electrons towards these recombination centers will likely slightly lessens the overall
beneficial effect of Ge in the device.
Similar evaluations of the Ge distribution were also performed on the lamellae pre-
sented in section 5.5.1 from sample S2. Figure 5.14a depicts the STEM-DF image and
the respective Ge intensity map is shown in figure 5.14b. In accordance with the
previous discussed results, the same inhomogeneous Ge distribution can be identified.
Pronounced intensity variations of individual grains were observed, while the Ge
content remains even within single grains. Moreover, selected grain boundaries exhibit
a Ge depletion and also similar Ge hotspots can be identified. Overall, six lamellae
(two for each composition and solar cell) showed identical characteristic proving that
the observed Ge distribution can be assumed for all Ge-doped CZTSe absorbers within
the here investigated compositional range.
The hotspots might either be Ge-enriched Cu2Zn(Sn,Ge)Se4 or a secondary phase. To
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Figure 5.14.: Microstructural characterization and Ge distribution of the cross-sectional lamella taken
out of a complete solar cell with composition S2 and an averaged thickness of 260 nm. (a) STEM-DF
image revealing the grain boundaries of the lamella. (b) Ge intensity map measured by nano-XRF. The
black squares (A-F) roughly mark the areas where nano-XANES measurements were conducted and
the purple rectangle where TEM measurements were performed. (c) TEM-BF image taken in an area
which includes region A and the Ge hotspot. For the TEM measurements the lamella was thinned down
to approximately 80 nm. (d) TEM-image with an increased magnification of a specific region in (c)
revealing the formation of small nanoscale inclusions.
extract more information, one lamella was thinned down to approximated 80 nm to
perform TEM measurements. For details regarding the TEM measurements see section
3.3.2. Figure 5.14c and d show the TEM micrographs including area A (marked in figure
5.14b) with two different magnifications. Clearly, small nanoscale inclusions become
apparent, with sizes fluctuating between 10 and 50 nm. The presence of nanoscale
inclusions with slightly smaller diameters (1 - 10 nm) was also observed in literature
[41, 49]. However, they were hardly found within the grains but multiple were located
at grain boundaries [41]. Contrary, the inclusions are only located in the grains in
the present case. Priorly, the average concentration of the hotspots was estimated to
increase up to 1.8 at.% in an area of 100 × 100 nm2. According to the TEM image in
figure 5.14d the size of the observed inclusions is in the range of only 10 - 50 nm.
This indicates that they are not expected to be present over the whole thickness of
the lamella and it becomes evident that the actual Ge concentration is higher in the
inclusions than the integral value. By a simple estimation of a spherical object for the
inclusions with a radius of 25 nm (V(r = 25 nm) = ∼ 65 000 nm3) and a rectangular
shape for the probed volume (focal spot size = 54 × 52 nm2, lamella thickness 260 nm,
V = ∼ 730 000 nm3), a Ge concentration of 20 at.% or even higher can be estimated. This
indicates the formation of a secondary phase rather than Ge-enriched Cu2Zn(Sn,Ge)Se4.
Besides the formation of Ge-enriched nanoscale inclusions, it has been also reported
that similar sized Sn-enriched nanoscale inclusions are present in Ge-doped CZTSe
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Figure 5.15.: Normalized nano-XANES spectra at the Ge K-edge taken on the CZTSe:Ge absorber of
the same cross-sectional lamella as shown in figure 5.14a. (a) Normalized absorption coefficient as a
function of incoming X-ray energy for area C and D (see 5.14b) compared to the CZGeSe reference. (b)
Normalized nano-XANES spectra of the four different regions A,B,E,F (see 5.14b), which all include
hotspots, compared to the CZGeSe reference. The insets of (a) and (b) shows the absorption edge energy
shift (∆E) evaluated at µ(E) = 0.5, relative to the CZGeSe reference edge. (c) Normalized nano-XANES
spectrum of area A compared to a crystalline Ge reference lamella, crystalline GeO2 taken from Ward et
al. [281], and amorphous GeSe2 taken from Zhou et al. [282]. The inset plots the spectra for region A
and for a linear combination of 60 % CZGeSe and 40 % GeO2.
solar cells produced from the same group and under similar synthesis conditions [41,
245]. As already discussed in section 5.3 and 5.5.1 neither the Sn intensity maps in
figure A.3f nor the intensity maps of the other samples in figure 5.9 and A.4 (see
appendix) indicate the presence of Sn related secondary phases.
5.6. Short-range structural order of Germanium in the
CZTSe:Ge absorber
Detailed information about the chemical identity of the solar cells were achieved by
applying EDS and nano-XRF, but information about the chemical bonding are still
missing. Indeed, it is of great interest to know whether Ge is build into the kesterite
matrix to confirm the previous assumed band bending but also to identify possible
detrimental secondary phases. Spatially resolved XANES measurements at the Ge
K-edge energy are sensitive to the local environment and give access to the local
structure. For details about the experimental see section 3.2.2.
The nano-XANES measurements were performed on the same lamella of sample
S2, which is shown in figure 5.14a. The black squares in 5.14b (A-F) roughly mark
regions containing Ge-enriched nanoscale inclusions (A, B, E, F) and CZTSe:Ge grains
(C, D) where the nano-XANES measurements were taken. Figure 5.15a shows the
normalized absorption coefficient µ(E) as a function of incoming X-ray energy for
region C and D compared to a CZGeSe reference. This reference spectrum was also
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taken on a CZGeSe lamella prepared from a single phase, homogeneous powder grain
similar to the CZTSe reference lamella (for synthesis details see section 3.1.1). The
excellent agreement of the spectral shape of the reference and the CZTSe:Ge absorber
clearly indicates that Ge occupies tetravalent Ge4+ sites in CZTSe and is build into the
kesterite matrix. Furthermore, the absorption edge position gives more insights into
the local coordination. The inset in figure 5.15a shows the energy deviation (∆E) of
the edge energy of region C and D with respect to the CZGeSe reference evaluated at
µ(E) = 0.5. Both areas on the absorber show an excellent agreement with the reference
considering the analysis uncertainty of 0.3 eV. The fact that the shape and edge position
is nearly identical proves that Ge is incorporated on substitutional Sn lattice sites in the
CZTSe matrix. This confirms the previous described band bending towards the front
contract and to the random grain boundaries. Moreover, this substitutional behavior is
associated with the suppression of detrimental +II oxidation states for Sn and therefore
with the reduction of deep recombination centers for electrons within the band gap [45,
47]. This is expected to be the reason for the improved VOC in Cu2Zn(Sn,Ge)Se4 alloys.
For the here investigated solar cells, the Ge concentrations reach maximum values
of only 0.5 at.% according to section 5.5.4. As a consequence only a small number of
atoms are exchanged, which likely contribute to the improved VOC only to a small
extent, in agreement with the proposed improvement by a higher crystalline quality
[41, 49, 50, 236, 245]. The XANES spectra A, B, E, and F in figure 5.15b contain the Ge
hotspots. Compared to the CZGeSe reference and the CZTSe:Ge grains absorber the
appearance of the spectra changed, and the edge energy shifts towards higher energies.
Thus, a contribution apart from the kesterite matrix becomes evident. Further, the inset
in figure 5.15b reveals an edge energy shift with respect to the CZGeSe reference of up
to 1.4 eV, which can not be explained by the analysis uncertainty (∼ 0.3 eV). Even by
taking the 1.0 eV energy resolution of the Si (111) double crystal monochromator into
account, two out of four spectra own a larger shift, which can only be explained by the
presence of an additional contribution from a secondary phase. Figure 5.15c compares
spectrum A with suited references in order to determine the additional phase, such as
the CZGeSe lamella, a single crystalline Ge (c-Ge) lamella, crystalline GeO2 (c-GeO2)
taken from Ward et al. [281] and amorphous GeSe2 (a-GeSe2) taken from Zhou et al.
[282]. For this purpose the energy axes of the XANES spectra, taken from literature,
were carefully calibrated as described by Johannes at al. [283]. XANES is sensitive to
the short-range order and can distinguish between amorphous and different crystalline
phases. This is also possible even if the spectra are almost similar, as shown for GeO2 by
Majérus et al [284] and elemental Ge by Backman et al. [285]. However, nano-XANES
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is still very challenging and can not resolve these small differences. Therefore, the
differentiation between amorphous and crystalline phase will be omitted.
A direct comparison of the exemplarily depicted region A and the references show
no clear agreement. In particular, the c-Ge and GeSe2 absorption edges shift -0.4 eV
and -1.7 eV towards lower energies with respect to the CZGeSe, respectively, and can
be excluded from the analysis. Note that the edge energy of GexSe(1−x) depends on
the composition and stays well below amorphous Ge for GexSe(1−x) (0.2 ≤ x ≤ 0.4)
according to Zhou et al. [282]. As the maximum edge energy can only reach elemental
Ge, it can also be excluded.
As already mentioned, the remaining GeO2 reference is not in agreement with region
A but shifts the edge energy towards higher values. According to the TEM images, the
nanoscale inclusions feature sizes between 10 - 50 nm and are likely not present over
the entire thickness of the lamella. Taking also the comparable large focal spot size
of 150 × 135 nm2 of the synchrotron beam into account (see section 3.2.2), it becomes
evident that region A is likely a superposition of the kesterite CZTSe:Ge matrix and
GeO2. The inset in figure 5.15c shows a linear combination of the XANES spectra
with 60 % CZGeSe and 40 % GeO2 in comparison to the spectrum of region A. The
almost perfect agreement manifests that the inclusions are composed of GeO2. A
similar agreement was also found for the remaining three regions (B, E and F) but with
different compound fractions.
Determining the impact of GeO2 to the electrical properties and to the final device
performance from these data is not simple as several parameters have to be taken into
account. The wide bang gap of 5.7 eV [286–288] and the insulating nature does not
allow GeO2 to contribute effectively to the light conversion, and it might be beneficial
to avoid or minimize their presence. In the same way their size, local distribution, and
the relatively low particle concentration indicate a minor impact to the reduced light
conversion and to the general optical properties. Considering the very low electron
affinity of only 2.24 eV [289] compared to 4.46 eV for CZTSe [290], they create a barrier
for electrons, but due to their small size of only 10 - 50 nm compared to the carrier
diffusion length > 500 nm [244] and their spatial distribution within the absorber,
the electrons can easily circumvent them. Although their contribution as potential
recombination centers cannot be ruled out, it might be beneficial to reduce or avoid
their presence.
Finally, the same measurements were also conducted on two lamellae with composition
S1 (see figure 5.13) and S3 (not shown here). Figure 5.16a illustrates the normalized
nano-XANES spectra for both samples, taken on the CZTSe:Ge grains, while the inset
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Figure 5.16.: Normalized nano-XANES spectra at the Ge K-edge taken on the CZTSe:Ge absorber of the
same cross-sectional lamella as shown in figure 5.13a (S1) and one with composition S3. (a) Normalized
absorption coefficient as a function of incoming X-ray energy for the areas of the CZTSe:Ge grains for
S1 (A, B, C) and for S3 (A’, B’, C’) compared to the CZGeSe reference. (b,c) Normalized nano-XANES
spectra of the regions which include the hotspots for S1 (D, E, F, G) and S3 (D’, E’, F’, G’) in comparison
to the CZGeSe reference and to GeO2 from Ward et al. [281]. The insets of (b) and (c) show the absorption
edge energy shift (∆E) evaluated at µ(E) = 0.5, relative to the CZGeSe reference edge.
reveals the edge energy deviation with respect to the CZGeSe reference. Both the
spectral shape and the edge energy confirm the incorporation of Ge into the CZTSe
matrix and therefore the exchange of Sn in the lattice. On the other hand, the spectra
including the inclusion in figure 5.16b and c corroborate the different shape, the shift
towards higher energies and the formation of small GeO2 secondary phases. Thus, the
findings on the short-range structural order in these solar cells are independent of the
here investigated stoichiometry range and can be assumed as general characteristic in
Ge-doped CZTSe solar cell absorbers prepared by the sequential process.
5.7. Summary
High resolution morphological, compositional, structural, and microstructural proper-
ties of Ge-doped CZTSe solar cells have been accessed by conducting a combinatorial
approach of electron- and advanced synchrotron-based methods at the nanoscale.
Three different solar cells with varying nominal compositions and different level of
performance were prepared by IREC using a sequential process, which includes the
deposition of an ultra thin Ge layer on top of Mo and the precursor stack. In total 9
cross-sectional lamellae, 3 for each composition, were prepared at different positions
out of complete devices using a FIB system.
STEM images revealed the morphology and the layered geometry of the solar cells.
The polycrystalline absorbers consists of large grains, but also exhibits detrimental
voids at the back contact, which were observed for all cross-sections. The chemical
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composition was identified by EDS. The outstanding homogeneous distribution of
the main absorber elements (Cu, Zn, Sn and Se) is independent of the stoichiome-
try and particularly remarkable since no Cu, Zn and Sn related secondary phases
were observed at all. Compositional analysis of the average absorber composition
coincided with the intended Cu-poor and Zn-rich nominal composition. Slight lateral
variations between different regions on the absorber, which exceeded the experimen-
tal uncertainty, were found for the Zn/Sn ratio, while the Cu/(Zn+Sn) distribution
was in agreement with the reference. The off-stoichiometry types associated with the
composition can therefore mainly be assigned to the A-type, which is responsible
for the intrinsic p-type doping. However, the slight Zn/Sn disorder also leads to a
mixture of the A-type with either B or L off-stoichiometry types for specific domains
and for S3 some might consist also of a mixture or only J-type. These local varia-
tions imply the formation of different harmful intrinsic point defects and should be
avoided. Complementary nano-XRF measurements reveal an even more homogeneous
Cu/(Zn+Sn) distribution than expected from EDS, and corroborate the fluctuation of
Zn and Sn. With respect to the different nominal compositions, the varying conversion
efficiencies cannot be explained by strong compositional fluctuations or by secondary
phase segregations and are probably related to the different intrinsic doping levels
and the formation of detrimental defect complexes for S3. Moreover, the nano-XRF
measurements allow to observe subtle compositional changes in selected regions of the
front- and back contact interfaces. In particular, a slightly reduced Cu and increased Zn
content at the CdS/CZTSe interface and vice versa at the back contact can also strongly
influence carrier recombination. The combination of the outstanding homogeneity of
the absorber and the variations at the interfaces indicate that the main limitations are
likely the interfaces and not the bulk absorber.
By exploiting the high sensitivity of the hard X-ray nanobeam Ge was found to remain
in the absorber after the solar cell synthesis. The heterogeneous Ge incorporation was
found to be independent on the stoichiometry and was compared to the results of
different electron microscopy techniques, whereby the correlation with the presence
of different grains, selected grain boundaries, and nanoscale inclusions was revealed.
The Ge concentration varied between different grains from 0.1 to 0.5 at.%. Only a
negligible impact on the improved VOC is expected by this substitution, because the
band gap is not significantly widened by such small quantities of Ge and the number
of exchanged atoms is quite small. Increased Ge concentrations were found for the
inclusions and a minimum concentration of at least 20 at.% was estimated. Two types of
grain boundaries were observed via EBSD in the absorber, the highly symmetrical Σ3
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twins and random ones. Whereas the former are inconspicuous, random boundaries
are Ge depleted. The absent leads to an attractive force for electrons and probably to an
increased carrier recombination. The short-range structural order of Ge was obtained
from nano-XANES measurements. Within the absorber Ge is located on substitutional
lattice sites and incorporated into the kesterite matrix. On the other hand, the nanoscale
inclusions most likely consist of GeO2, which presumably limit the efficiency because
of the higher band gap and the interface area, where electrons might recombine.
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6. Interplay of performance-limiting
nanoscale features in
Cu2ZnSn(S,Se)4 solar cells
This chapter reports on the formation of secondary phases, local compositional vari-
ations and microstructural properties of CZTSSe kesterite absorbers, which were
produced with different nominal Cu-poor and Zn-rich compositions. The absorbers
and complete solar cells were fabricated and electrically characterized by Dr. Ger-
ardo Larramona (IMRA Europe). The electrical data were evaluated in collaboration
with Dr. Udo Reislöhner. The cross-sectional lamellae were prepared by Dr. Sven
Schönherr. SEM and STEM images were taken in cooperation with Dr. Sven Schönherr
and Oliver Rüger. Nano-XRF measurements were performed in collaboration with
Dr. Sven Schönherr, as well as Konrad Ritter, Prof. Claudia S. Schnohr (Universität
Leipzig), Dr. Andreas Johannes, Dr. Damien Salomon (European Synchrotron Radiation
Facility, ESRF), and Dr. Gema Martı́nez-Criado (Instituto de Ciencia de Materiales de
Madrid, CSIC). The CZTSe reference sample was synthesized by Dr. Galina Gurieva
and provided by Prof. Susan Schorr (Helmholtz-Zentrum Berlin für Materialien und
Energie, HZB). Parts of this chapter are published in reference [67].
6.1. Motivation
The incorporation of sulfur during the growth of thin film kesterite solar cells gives
control over the direct, tunable band gap in terms of tailoring the absorption properties
of the absorber layer [167]. This approach led to record conversion efficiency of 12.6 %
[29] for CZTSSe solar cells using a toxic hydrazine-based processing approach. The
main limitation in such devices is still the high VOC deficit compared to the optical
band gap. Cu-poor and Zn-rich synthesis conditions [29, 175] are generally preferred
for high efficiency cells to control the intrinsic p-type doping by Cu vacancies [32,
177–179]. However, such conditions also facilitate the formation of binary secondary
phases [35, 180, 181, 291] harming the device performance [188, 189]. Moreover, the
presence of phases apart from kesterite usually introduces a discrepancy between the
intended and realized CZTSSe composition [36, 181], which significantly influences
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Figure 6.1.: SEM image (a) and EDS intensity maps for the five absorber elements (b-f) of the CZTSSe
absorber with the nominal composition C1. The intensity maps were obtained by integrating the counts
for each pixel in an energy interval (table A.1, appendix) for the individual elements. The alleged S
signal in the Mo layer actually originates from Mo Lα lines, which strongly overlap with the S Kα lines.
The average thickness of this lamella was approximately 170 nm.
the electronic properties by the formation of different defects and defect clusters [32].
To overcome these limitations, it is of great importance to gain a more comprehensive
understanding about the local kesterite composition, but also about the nature, quantity,
size, and spatial distribution of the secondary phases. To that end, highly efficient
CZTSSe absorbers with different nominal compositions were produced by a non-toxic
spray coating process in order to study morphological, spatially resolved compositional
and microstructural characteristics of the absorbers. For details about the solar cell
synthesis see section 3.1.3.
6.2. Detecting secondary phases, the spatially resolved
composition and various off-stoichiometry types
The SEM image in figure 6.1a shows the cross-sectional lamella prepared out of the
CZTSSe absorber C1, with nominal Cu/(Zn+Sn), Zn/Sn, and Se/(S+Se) ratios of 0.83,
1.10, and 0.65, respectively. In the micrograph, the layered geometry of the sample can
be clearly identified, while on top of the absorber the protective Pt layer is located.
Small voids within the absorber and close to the back contact are formed during the
growth (for details see section 5.2), which are not expected to be detrimental as their
size is below roughly 200 nm [244]. Within the absorber several interesting contrast
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variations can be recognized. EDS measurements were performed in order to evaluate
the origin of these variations. Details about the measurements can be found in section
3.3.4 and 4.2.
Figure 6.1b-f show the EDS intensity maps of the matrix elements, which display
similar layers like the SEM image. A pronounced signal at the bottom of the S map
in figure 6.1 seems to correlate with the Mo layer in the SEM image. However, this
alleged signal originates from the strong overlap of the Mo Lα-lines and S K-lines
(see figure 5.3). An irregular, roughly 250 nm thick Mo-Cu-(S,Se) interface layer was
formed between Mo and CZTSSe. The diffusion of Cu into the Mo(S,Se) layer during
the lamella preparation has been reported in previous studies [292, 293]. However,
here, the estimated Cu concentration of 14 at.% rather indicates the formation of a
Mo-Cu-(S,Se) compound during the absorber synthesis. In addition, the lamellae pre-
pared out of CZTSe:Ge solar cells in section 5.3 were prepared by the same the same
FIB-based process and revealed no Cu in the MoSe2 layer.
The absorber layer can be localized by comparing the SEM image and the intensity
maps. The most striking characteristics are small spots with sizes between 200 - 650 nm
in size with a different composition than CZTSSe. Comparing the different maps,
it becomes evident that the spots are Zn- and S-rich. Furthermore, the remaining
absorber elements are absent or strongly reduced clearly indicating the formation
of secondary phase segregations. Two possible phases might be formed: ZnS(Se) or
Zn(Cu,Sn)S(Se). Note, EDS only provides information about the local composition and
not a structural analysis. However, X-ray diffraction data taken on similar produced
CZTSSe solar cells only detected ZnS(Se) secondary phases [294]. The formation of
ZnS(Se) was also observed by XANES measurements on CZTS thin films prepared by
co-evaporation [35]. ZnS(Se) was also found by TEM-EDS investigations on CZTSSe
thin films prepared by a non-toxic solvent-based process [295]. Thus, the formation of
ZnS(Se) can be expected. In the present case the signal of Cu and Zn in the regions
where secondary phases occur is not contradictory. Small amounts of kesterite behind
or in front of the secondary phase can contribute to the signal when averaging over
the whole lamella thickness along the beam direction. The number and size of the
secondary phases tend to be larger close to or at the absorber surface in the examined
area. Nevertheless, several segregations can also be identified within the absorber
and near the back contact. ZnS and ZnSe secondary phases are believed to be the
least detrimental due to their semiconducting nature combined with wide band gaps
of 3.91 eV [296, 297] and 2.69 eV [298], respectively. The large band offset between
CZTSSe and ZnS(Se) indicates that these secondary phases act as a resistive barrier for
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Table 6.1.: Atomic concentrations and cation ratios of the CZTSe reference and the three investigated
absorbers with composition C1-C3 determined by EDS. The values display the mean value and standard
deviation of 20 selected areas that were evenly distributed on the absorber and did not contain secondary
phases. For sample C1-C3 only the cation concentrations and cation ratios were calibrated using the
CZTSe reference sample, while the anions were not calibrated. The nominal composition was estimated
from the initial colloid content.
electrons [299, 300]. Since the minority charge carrier diffusion length surpasses 500 nm
[244] and therefore the width of the secondary phases, a critical effect to the electrical
transport properties is not expected. Nevertheless, a detrimental impact cannot be
ruled out, since Just et al. reported on a reduced current density, fill factor and open
circuit voltage and therefore adverse effects on the electronic properties caused by ZnS
inclusions [296].
In figure 6.1d-f, the cation distributions in the absorber seem to be fairly homogeneous
apart from the secondary phases. In contrast, lateral variations of the anion distribution
can be observed in excellent agreement with previous studies [301, 302]. 20 areas with a
dimension of 200 × 200 nm2 were defined on the absorber, which contain no secondary
phase segregations, in order to investigate this lateral heterogeneous distribution in
even more detail. The concentrations were determined by fitting the respective spectra
with the software package AZtec®. Only the atomic concentrations of the cations were
calibrated with the factors listed in table 4.1 as the reference did not contain S. Table 6.1
lists the mean values and standard deviations of the 20 spots for the CZTSe reference
and all absorbers investigated. The observed fluctuations for C1 clearly exceed those of
the CZTSe reference, which indicates real variations of the local CZTSSe composition.
Especially, the anion distribution reveals distinct fluctuations in excellent agreement to
the observed variations in the intensity maps in figure 6.1b and c and to the previous
reports [301, 302]. Varying amounts of S and Se tune the band gap from 1.0 eV for pure
selenides to 1.5 eV for pure sulfides [167]. Thus, a graded S,Se profile over the depth of
the absorber can be used to reduce the conduction band minimum towards the front
contact. Such a band bending results in a beneficial attractive force for the electrons
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towards the front contact. In the present case, the observed anion fluctuations show a
random distribution, which probably reduces the effective band gap and therefore the
VOC. Thus, the synthesis parameters should be adjusted to avoid the inhomogeneity or
to apply a depth gradient.
Figure 6.2 plots Zn/Sn as a function of the Cu/(Zn+Sn) ratio for the randomly chosen
20 calibrated spots (orange circles), for a more precise investigation of the heteroge-
neous cation distribution. Their mean value is given by the red circle with its standard
deviation and the nominal growth composition by a black star. The dark gray area
corresponds to one standard deviation and the light gray area to two standard de-
viations obtained from the measurement of the stoichiometric CZTSe reference in
section 4.2. As a visual guide, figure 6.2a illustrates the data taken on the stoichiometric
CZTSe reference. As introduced in section 5.3 real fluctuations of the local absorber
composition are present when the variation of the 20 individual data points exceeds
the experimental uncertainty of the CZTSe reference.
Figure 6.2b depicts the calibrated cation ratio plot for sample C1. The average sample
composition reveals Cu-poor and Zn-rich conditions, although the absorber is less
Cu-poor and less Zn-rich compared to the nominal composition. Even considering the
experimental uncertainty - one or two standard deviations - a significant discrepancy
between nominal and probed quantity can be detected. Just et al. [35] reported for
sulfide- and selenide-based kesterite absorbers on a constrained Zn/Sn ratio of 1 for
Cu-poor and Zn-rich conditions and that excess Zn will always segregate in secondary
phases. However, these absorbers were prepared by non-vacuum solution processing
for the selenides and co-evaporation for the sulfides [35]. In fact, ZnS(Se) secondary
phases were also found in these cells, explaining the difference between nominal
and measured composition. However, the absorber still remains Cu-poor and Zn-rich,
which proves the possibility to grow off-stoichiometric CZTSSe by this spray coating
technique. It suggests that the achievable range of off-stoichiometry is different for
diverse synthesis routes. Indeed, the possibility to grow off-stoichiometric CZTS and
CZTSe was already demonstrated, but only for powder samples prepared by time and
energy consuming solid state reaction [181, 184, 187].
The fluctuations of the 20 spots clearly surpasses that of the stoichiometric reference
sample in figure 6.2a. For the Cu/(Zn+Sn) ratio the standard deviation is significantly
increased, whereas for the Zn/Sn ratio the deviation is more than twice as high as the
reference (see also table 6.1). This unambiguously proves the presence of real spatial
fluctuations of the local absorber composition. As already introduced in section 5.3,
varying compositions are inherently connected to different off-stoichiometry types
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Figure 6.2.: Calibrated cation ratio plots of the CZTSe reference (a) and the three investigated solar
cells (C1-C3) with different nominal composition (c-d). The orange circles illustrate the composition
of the 20 individual spots, while the red circle marks their average with the corresponding standard
deviation as error bars. The black star illustrates the nominal composition. The dark and light gray areas
represent one and two times the standard deviation, evaluated from the reference and plotted with
respect to the average composition for the different absorbers. The solid and dashed blue lines show all
off-stoichiometry types (A-L) of kesterite. (The off-stoichiometry types are adapted from [36, 184, 186,
187].)
named A-L [36, 184, 186, 187]. To classify the absorber, these types are highlighted by
solid and dotted blue lines in figure 6.2. The measured absorber composition of sample
C1 coincides with the A off-stoichiometry type as intended by the nominal composition.
The related point defects are Cu vacancies VCu and ZnCu anti-sites [186], which form a
shallow acceptor and donor level, and are responsible for p-type doping [32]. In case
of the 20 individual spots, considering the experimental accuracy, a broad range of
off-stoichiometry types are discernible including A, B, E, F, G, J, and L types. Only the
A-type feature the favorable defects and lead to the beneficial p-type conductivity. The
remaining off-stoichiometry types feature ZnSn, CuSn, ZnCu, and SnCu anti-sites, VCu
and VZn vacancies, and Zni and Cui interstitials [36, 184, 187]. Several of these defects
form deep donor and acceptor states [32] that could act as electron recombination
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Figure 6.3.: SEM image (a) and EDS intensity maps for the five absorber elements (b-f) of the CZTSSe
absorber with the nominal composition C2. The lamella broke after the nano-XRF measurements,
causing a vertical artifact only in the EDS maps. The average thickness of this lamella was approximately
340 nm.
centers and reduce the conversion efficiency. Moreover, some spots are Zn-poor and




Two more solar cells were grown under the same synthesis condition: one (C2) with
an even Cu-poorer, Zn-richer composition and another (C3) close to the CZTSSe stoi-
chiometry (table 6.1). The nominal Se/(S+Se) ratio of 0.65 remained the same for all
three samples. Subsequently, lamellae were prepared and examined with the same
measurement and analysis technique to gain detailed insights in the elemental distri-
bution.
The calibrated cation ratio plot of absorber C2 is depicted in figure 6.2c. The average
composition reveals a less Cu-poor and less Zn-rich absorber compared to the nominal
composition, but remains Cu-poor and Zn-rich (compare table 6.1). The difference
between nominal and measured quantity is very similar to C1, in relation to the
Cu/(Zn+Sn) ratio, but clearly exceeds it for the Zn/Sn ratio. This can be explained
by the formation of even more and larger ZnS(Se) secondary phases with sizes of
more than 1 µm (see figure 6.3). The off-stoichiometry type derived from the averaged
composition does not agree with the intended mixture of A- and B-type and indicates a
mixture of A and L. Locally, most of the 20 spots can be classified as A- and L-type or as
a mixture of both. Thus, beneficial Cu vacancies VCu of the A-type vacancies compete
against harmful SnCu anti-sites of the L-type [187], which form detrimental donor
states in the band gap [32]. Finally, one spot is almost in agreement with the J-type,
but might also have a contribution of the E-type. The related SnCu, ZnSn anti-sites, and
VZn vacancies form detrimental states in the band gap and likely increase the carrier
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Figure 6.4.: SEM image (a) and EDS intensity maps for the five absorber elements (b-f) of the CZTSSe
absorber with the nominal composition C3. A segment of the lamella (bottom right corner) broke after
the nano-XRF measurement and is therefore not visible in the EDS image. The average thickness of this
lamella was approximately 280 nm.
recombination probability [32, 184, 187]. In addition, the Zn-poor L-type condition
might facilitates the formation of harmful (2Cu−Zn + Sn
2+
Zn ) defect complexes [32].
The evaluated composition of C3 shows the smallest deviation between nominal and
evaluated average values. The latter almost coincides with the stoichiometry in confor-
mity with the absence of ZnS(Se) secondary phase segregations for this composition,
as shown in figure 6.4. Consequently, they only form when the Zn/Sn ratio exceeds
a critical value and/or the Cu concentration falls below a critical amount. These
findings are in excellent agreement with Just et al. who proposed a critical value of
approximately 1.09 for the Zn/Sn ratio [35]. On average, the CZTSSe composition is
close to stoichiometry, thus no off-stoichiometry type would be assigned. On the other
hand, the standard deviations especially for the Zn/Sn ratio are significantly increased.
Accordingly, real spatial variations in the local kesterite composition can be observed
associated with B, E and G off-stoichiometry types for the Cu-poor domains, and F-
and I-type for the Cu-rich ones. Thus, the related point defects are ZnSn, CuSn anti-sites,
Cui, Zni interstitials, in addition to the already mentioned defects for the Cu-poor
off-stoichiometry types [184, 187]. Overall, several of these defects form deep donor
and acceptor levels where electrons can recombine [32]. Furthermore, an exponential
increase of (2Cu−Zn + Sn
2+
Zn ) defect complexes can be expected due to the Cu-rich and/or
Zn-poor spots, which presumably reduce the effective band gap and therefore the VOC
[32].
78
6.3. Correlation of the absorber properties with the conversion efficiency
Figure 6.5.: Illuminated JV curves of the samples with nominal composition C1-C3 (a) and selected
electrical device parameter (b).
6.3. Correlation of the absorber properties with the
conversion efficiency
In the previous section secondary phases and multiple collateral point defects were
observed in dependence on the intended nominal composition. It is therefore of partic-
ular interest to correlate these findings with electrical device parameters. Absorbers,
produced in the same run and with the same nominal composition were processed to
completed solar cells and electrically characterized. For details see section 3.1.3.
Figure 6.5 shows the illuminated JV curves and selected electrical parameters of the
most efficient cells for all three compositions. The solar cell with composition C2
shows the highest conversion efficiency despite the formation of many and large
resistive secondary phases as well as mixture of A and L off-stoichiometry types. This
demonstrates that at the current performance level ZnS(Se) phase segregations are not
necessarily the main limitation in CZTSSe devices, even when they are located at the
interface of the absorber, as indicated by the lowest series resistance. Moreover, the
highest amount of Cu vacancies VCu and the least variation of the off-stoichiometry
type lead to the lowest VOC deficit and highest JSC. The device with composition C1
owns a lower efficiency, which might be a consequence of a higher amount of different
off-stoichiometry types and a higher series resistance caused by a lower doping level.
Despite the absence of secondary phases, C3 yields the lowest conversion efficiency.
The reason is likely the formation of Cu-rich and/or Zn-poor kesterite, which features
detrimental deep defects acting as electron recombination centers. Furthermore, the
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significantly lower VOC can presumably be explained by the formation of (2Cu−Zn +
Sn2+Zn ) defect complexes, which reduce the effective band gap.
These findings clearly demonstrate the importance of Cu-poor and Zn-rich conditions
leading to less harmful defects and to overall higher conversion efficiencies. Thus,
the suppression of ZnS(Se) secondary phase segregations in combination with an
improved CZTSSe homogeneity might further enhance the conversion efficiency.
6.4. Imaging of nanoscale compositional fluctuations and
variations at grain boundaries
Section 6.2 discussed the formation of secondary phases and revealed a heterogeneous
elemental distribution leading to multiple off-stoichiometry types. To examine these
variations on an even smaller scale, synchrotron-based nano-XRF measurements were
conducted on the same lamellae shown in section 6.2. The strength of this technique
is the improved elemental sensitivity at higher energies but also the excellent detec-
tion limits. This allows the determination of much lower compositional variations at
nanometer scale as already shown in section 5.5.4. The only disadvantage is that the
experiments were conducted under ambient conditions. This causes a significant low-Z
absorption by air and the detectors Be window, which precludes the detection of S.
Figure 6.6a shows the SEM micrograph of the same lamella of sample C1 as shown in
figure 6.1, but from a slightly different area. The respective nano-XRF maps, shown in
figure 6.6b-f, validate the formation of the Mo-Cu-(S,Se) interface layer between the Mo
and CZTSSe layer. Within the absorber similar characteristics can be observed as in the
EDS measurements but even more and smaller details become apparent. Zinc hotspots
accompanied by the depletion of the remaining cations corroborate the coexistence
of CZTSSe and ZnS(Se) secondary phases in the absorber. Especially the size and
appearance of the secondary phases are much better defined in these intensity maps
than in the EDS intensity maps in figure 6.1. Furthermore, strong spatial fluctuations in
the Se map can be observed and confirm the formation of local band gap fluctuations.
The acquired fluorescence radiation was influenced by attenuation of the lamellae
ridges and the Ni grid (for details see section 3.2.1). Thus, relative maps of the cation
ratios were calculated in the orange marked area in figure 6.6 in an analogous manner
as presented in sections 4.3 and 5.5.1. Figure 6.7 illustrates the relative cation ratio
maps for sample C1-C3 and for the CZTSe reference. Note, the colorbar was adjusted
to -0.2 to 0.2 compared to -0.1 to 0.1 for figure 4.3 and 5.10. All areas without absorber
are light gray overdrawn.
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Figure 6.6.: SEM image and fitted nano-XRF intensity maps of the Mo back contact (b) and the four
absorber elements (c-f) of the same lamella C1 shown in figure 6.1, but of a slightly different area.
The intensity maps show the integrated counts of each element for each pixel, obtained by fitting the
corresponding spectrum with the software PyMCA [211]. A slightly increased Mo signal within the
voids is an artifact from the lamella preparation. The orange rectangle mark the region which is suited
to calculate the relative maps in figure 6.7. The average thickness of this lamella was approximately
170 nm.
In certain areas of figures 6.7c and d a clear anti-correlation pattern, i.e., an increase
of the Zn/Sn ratio and a Cu/(Zn+Sn) ratio that is significantly decreased, confirms
the formation ZnS(Se) secondary phase segregations. The size of the secondary phases
severely fluctuate and decreases down to the resolution limit of the synchrotron
nanobeam (figure 6.7c and d black circles). The most striking new characteristic is the
contrast variation between the left and right side in figure 6.7d, which could not be ob-
served in the intensity maps in figure 6.6 and is also not present in the ∆(Cu/(Zn+Sn))
ratio map in figure 6.7c. In this particular case, the findings verify the presence of real
spatial fluctuations of the local CZTSSe composition and off-stoichiometry types de-
duced from the EDS measurements. Moreover, the variations mainly concern the Zn-Sn
disorder, as indicated by the higher standard deviation of the Zn/Sn ratio compared to
the Cu/(Zn+Sn) ratio in table 6.1 and figure 6.2. On the other hand, the purple circles
in the subtraction maps reveal domains with an increased Cu and a decreased Zn
concentration, while the Sn content is unchanged or slightly increased (see also figure
A.7 in the appendix). An interface layer featuring similar less Cu-poor and less Zn-rich
conditions can be observed on top of the Mo-Cu-(S,Se) layer. A detailed analysis of the
layer and of the domains reveal variations exceeding 0.05 for both cation ratios, and
excludes an explanation based on the experimental uncertainty. As a consequence, a
lateral, non-uniform p-type conductivity caused by a reduced number of VCu vacancies
prevails in the absorber. However, the effect of the Cu-enriched layer close to the back
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Figure 6.7.: Deviation of the cation ratio from the respective mean value for the Cu/(Zn+Sn) and Zn/Sn
ratio. These maps were calculated by subtracting the mean value of a particular map from the actual
value of every individual pixel for the CZTSe reference and the three different compositions C1-C3. The
black circles highlight nanoscale secondary phases, while the purple ones mark less Cu-poor domains.
The black circle in (j) points a Zn-enriched domain out. Gray areas mark the regions where no CZTSSe
absorber was present, such as the Mo back contact, the Mo-Cu-(S,Se) layer, voids, Pt, and air. The color
bar is the same for all maps. HAADF- (e,h) and BF-STEM (k) images reveal the grain boundaries of the
absorbers. Prior to the STEM measurements, the lamellae of C2 and C3 were thinned down to enhance
the contrast, which explains the hole in the upper left corner in (h) and the partly missing Pt layer in (k).
contact on the performance is likely not very detrimental, because the width of the
space-charge region (∼ 200 nm [303]) plus the diffusion length (< 900 nm [244]) is
smaller than the distance from the absorber surface to the less Cu-poor layer.
Indeed, a similar evaluation is also possible for the EDS measurements, but as shown
in section 4.2, only with a spatial resolution of 200 × 200 nm2 to keep the related low
standard deviation. Such a spatial resolution averages small deviations out and the
access to the here investigated fluctuations is not possible. A detailed comparison that
highlights the new features compared to the EDS maps can also be found in figure A.6
(appendix).
Figure 6.7e shows a section of the STEM-HAADF image revealing the grain boundaries
of the polycrystalline absorber. The comparison with with the ratio maps in figure 6.7c
and d reveals that selected grain boundaries exhibit a less Cu-poor and less Zn-rich
composition, while Sn shows no obvious trend (see also figure A.7 in the appendix).
82
6.5. Compositional variations for six different lamellae
In fact, the beam dimension of roughly 50 nm is much bigger than chemical varia-
tions at grain boundaries (1 nm [38, 40, 304]), thus the actual Cu concentration can
be expected to be much higher at the boundary. Previous studies observed similar
Cu-enriched grain boundaries and their likely detrimental effects for pure selenide
and sulfide absorbers by TEM-EDS [268, 293] and by atom probe tomography [40].
The Cu enrichment likely reduces the amount of Cu vacancies VCu and might even
promote the formation of detrimental CuZn anti-site defects, thus enhancing the carrier
recombination [305, 306]. In contrast, literature also observed Zn- [40] and Sn-enriched
[269] grain boundaries, which were not observed in this absorber.
Figure 6.7f and g show the deviation maps for absorber C2 (for intensity maps see
figure A.8 in the appendix). The same secondary phase segregations as observed for
EDS can be identified and even smaller features become present as highlighted by
black circles. In contrast to C1, no less Cu-poor interface layer is formed at the back
contact. Moreover, the grain boundaries reveal no compositional variations and no
compositional gradient can be observed as well. For C3 no secondary phases or the
formation of a interface layer on top of the Mo-Cu-(S,Se) layer can be identified in
figure 6.7i and j, which is in excellent agreement to the EDS results in figure 6.4 (for
intensity maps see figure A.9 in the appendix). The only exception is observed in
the upper right area of the absorber marked by a black circle. Here the Zn/Sn ratio
increases by roughly 0.12 compared to the surrounding, which points to a variation in
the local CZTSSe stoichiometry rather than a ZnS(Se) secondary phase. Nevertheless,
the formation of a secondary phase can no be completely ruled out. Finally, the STEM
image in figure 6.7k reveals the grain boundaries. Selected grain boundaries exhibit an
increased Cu accumulation accompanied by a slightly decreased Zn concentration and
an unchanged Sn content (see black arrow and figure A.7 in the appendix).
6.5. Compositional variations for six different lamellae
The evaluated areas show only a very small section of the solar cells. Thus, two
lamellae, called I and II, were prepared from different positions on the sample and
characterized by nano-XRF. Table 6.2 summarizes the results addressing the formation
of secondary phase segregations, compositional fluctuations of the CZTSSe absorber,
compositional variations at grain boundaries, and elemental changes close to and at
the back contact.
For the Cu-poor and Zn-rich absorbers C1 and C2 ZnS(Se) secondary phases were
observed in both lamellae and none were found for composition C3 close to stoichiom-
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Table 6.2.: Summary of the observed compositional variations for the six investigated lamellae with the
three different compositions C1, C2, and C3.
etry. High numbers of small secondary phases have been found in the absorbers closer
to the back contact, while a few large ones accumulate at the surface. By decreasing
the nominal Cu/(Zn+Sn) and increasing nominal Zn/Sn ratio the number and size
of the ZnS(Se) increases as well. The most surprising observation is the formation
of elemental Cu at the back contact observed only for lamella C1-II. The CZTSSe
homogeneity strongly depends on the nominal composition and on the position within
the absorber. Here, lamella C1-I reveals a gradient in vertical direction. The inhomo-
geneity is also apparent at selected grain boundaries. Some tend to be less Cu-poor,
less Zn-rich, whereas the Sn content is mostly unchanged, but only for lamellae with
composition C1 and C3. Close to the back contact a less Cu-poor, less Zn-rich layer
like region formed, but only for the intermediate composition C1. Finally, all lamellae
possessed the Mo-Cu-(S,Se) interface layer between the CZTSSe absorber and the Mo
back contact.
6.6. Summary
In this chapter a combination of electron and X-ray microscopy techniques at the
nanoscale gave access to the spatially resolved composition and microstructure of
CZTSSe solar cell absorbers. The absorbers were grown by IMRA Europe using a
hydrazine free spray coating technique followed by a 2-step annealing process. In
total 3 absorbers with different nominal compositions and level of performance were
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fabricated and 6 cross-sectional lamellae, 2 for each composition, were prepared at
different positions out of the absorbers using a FIB system.
By evaluating the local chemical composition of the absorbers by EDS and nano-XRF
the coexistence of CZTSSe kesterite material and ZnS(Se) secondary phase segregations
was detected for Cu-poor and Zn-rich growth conditions. The size and number of the
secondary phases severely fluctuate within the absorber and increase when the synthe-
sis conditions become Cu-poorer and Zn-richer. In contrast, the sample preparation
close to stoichiometry reveals no secondary phase segregation. Furthermore, the anion
distribution showed strong fluctuations leading to a reduced effective band gap and
VOC. A detailed analysis of the cation distribution reveled local compositional varia-
tions with respect to each other and to the nominal content. The overall composition
of the CZTSSe phase is less Cu-poor and less Zn-rich than the nominal composition
when ZnS(Se) segregations are present, although it still remains Cu-poor and Zn-rich.
Certain deviations from stoichiometry are associated with different off-stoichiometry
types, which possesses point defects. Under Cu-poor and Zn-rich conditions the ab-
sorber exhibits a broad variety of off-stoichiometry types and harmful defects, but
overall the beneficial A-type is dominant. On the other hand, close to stoichiometry
an almost absence of the A off-stoichiometry type was observed and a much broader
variety of harmful point defects likely accompanied by detrimental (2Cu−Zn + Sn
2+
Zn )
defect complexes, which reduce the effective band gap. In this context, the highest
power conversion efficiency achieved the Cu-poorest and Zn-richest composition in
good agreement to the lowest variation of the off-stoichiometry types. In the same
way, this absorber showed the highest number of ZnS(Se) secondary phases indicating
that they are not the main limitation at the current level of performance. The high
sensitivity of the hard X-ray nanobeam enabled the observation of even smaller ZnS(Se)
secondary phases, whose sizes decrease down to the resolution limit of the beam.
Moreover, less Cu-poor and less Zn-rich domains were identified, but also selected
grain boundaries with increased Cu, decreased Zn, and unchanged Sn content for
some absorber compositions. Overall, these findings demonstrate that the integral
measured composition can be misleading and does not completely represent the true
picture of this complex quaternary material system. Accordingly, the estimation of the
present defects in off-stoichiometric CZTSSe absorbers are not reliable and care has to
be taken when correlating them with electrical properties or conversion efficiencies.
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7. Local electrical properties of
Rb-enriched grain boundaries in
Cu(In,Ga)Se2 solar cells
This chapter reports on an effective strategy for spatially resolved tracking of the
local composition of RbF post-deposition treated CIGS solar cells on a nanometer
scale during operation. Thereby, compositional gradients of In and Ga were found
to enhance the collection efficiency, whereas Rb-enriched random grain boundaries
were predominantly benign. The solar cells were fabricated by Dr. Philip Jackson
and provided by Dr. Roland Würz (Zentrum für Sonnenenergie- und Wasserstoff-
Forschung, ZSW). Combined nano-XRF and nano-XBIC measurements were performed
in collaboration with Christian Plass (see his master’s thesis [70]), Dr. Sven Schönherr,
Dr. Philipp Schöppe, Maximilian Zapf, Martin Hafermann, as well as Dr. Jaime Segura-
Ruiz, Dr. Andreas Johannes, Dr. Damien Salomon (European Synchrotron Radiation
Facility, ESRF) and Dr. Gema Martı́nez-Criado (Instituto de Ciencia de Materiales de
Madrid, CSIC). Parts of this chapter are published in reference [69].
7.1. Motivation
Among all thin film photovoltaics chalcogenide Cu(In,Ga)Se2 solar cells achieve one
of the highest efficiencies [22]. The main breakthroughs in recent years were achieved
by applying an alkali fluoride PDT after the absorber synthesis [25, 53–55, 307]. The
current world record efficiency of 23.35 % [25] uses a CsF treatment, whereas RbF is only
slightly less efficient [55]. So far the mechanism behind this efficiency improvement
is not fully understood and controversially discussed. Several groups reported on
alkali agglomeration at detrimental, random grain boundaries and at the interfaces
between front and back contact [56–62, 158, 159, 308]. Complementary DFT calculations
proposed a reduced recombination probability of the generated charge carriers at these
interfaces and grain boundaries by a possible passivation of the detect states [58, 65].
In contrast, other studies claimed that there is no evidence for passivation at grain
boundaries by alkalis [63]. Therefore, it is of great interest to determine the local
composition and the electrical activity of the absorber under operando conditions
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Figure 7.1.: (a) SEM image of the CIGS solar cell surface with a schematic drawing of the measuring
positions (blue area). Nano-XRF spectra including the fit, background and pile-up of the whole investi-
gated (b) and for a single pixel (c) with a size of 50 × 50 nm2. The data were evaluated using the PyMCA
code [211].
at the same time. Advanced synchrotron-based techniques provide the possibility to
investigate the local composition by XRF and the collection efficiency by XBIC on a
nanometer scale and are sensitive to subtle variations at grain boundaries [217, 219,
220, 309].
To gain detailed insights in the local functionality, a highly efficient CIGS solar cell
subjected to a RbF-PDT, which was grown in the same run as a previous world record
device [55], was investigated in-operando by simultaneous nano-XRF and nano-XBIC
measurements in top-view geometry. The electrical parameters of the CIGS solar cell
were determined to be: µ = 20.1 %, JSC = 36.4 mA/cm2, VOC = 753.0 mV, fill factor =
73.3 %. Prior, the local composition of this particular solar cell was investigated by
nano-XRF on a cross-sectional lamella revealing Rb agglomerations at random grain
boundaries [57]. For details about the solar cell synthesis and measurement see section
3.1.4 and 3.2.3, respectively.
7.2. Detection of Rb
The SEM image in figure 7.1a shows the surface of the CIGS solar cell consisting of
the ZnO front contact and the Ni/Al/Ni grid. The corresponding nano-XRF spectra
taken in the blue highlighted area and for a single pixel (50 × 50 nm2) are depicted in
figure 7.1b and c, respectively. A variety of peaks representing the different elements
of the front contact, the CIGS absorber, and back contact can be identified. The most
interesting peak is visible at roughly 13.4 keV, which coincides with the Rb Kα-line
at 13.395 keV. This highlights the possibility to detect smalls amounts of Rb even
when measuring through the front contact and averaging over of the whole absorber.
Gray colored elements in figure 7.1b and c stem either from the contact grid (Ni), the
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Figure 7.2.: Fitted nano-XRF intensity maps of Zn (a) and Cd (b) representing the front contact and
buffer layer of the CIGS solar cell, respectively, as well as the corresponding nano-XBIC signal (c).
Selected areas are marked by colored ovals.
conducive silver used to contact the solar cell, or from the experimental setup, such as
the sample holder, piezo stage, etc., excited by secondary excitation or scattered X-rays.
In the high energy region - roughly starting at 21 keV - the background drastically
increases because the 7 element silicon drift detector suffered from electronic noise for
higher fluorescence energies. Nevertheless, this increase does not drastically influence
the data evaluation since the PyMCA software code [211] is able to model a suitable
background.
7.3. Influence of the window layer on the current signal
Plotting the number of fitted counts associated with a certain florescence line as a
function of the beam position yields two-dimensional top-view projections of Zn and
Cd in figure 7.2a and b representing the ZnO front contact and CdS buffer layer. Both
maps exhibit characteristic point and line like shapes that likely reflect the surface
topography of the underlying CIGS absorber. Valleys on the absorber surface are
commonly caused by grain boundaries. The chemical bath deposited buffer layer
and magnetron sputtered front contact usually fill these valleys, thus forming thicker
regions with higher fluorescence intensities compared to the deposition on elevated
areas. However, it is worth noting that not all grain boundaries form valleys. The
simultaneously measured nano-XBIC map is illustrated in figure 7.2c. It allows to
investigate whether inhomogeneities in the window layer such as thickness variations
influence the locally generated current signal. In accordance with the Zn and Cd
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elemental map, no clear correlation can be observed (see ovals). Especially the large
characteristic dark areas with a significantly reduced current signal (see violet and red
ovals) cannot be explained by variations of the front contact or buffer layer, respectively.
Thus, the locally induced current is not influenced by the window layer.
7.4. Impact of the local absorber composition to the
collection efficiency
Fitting the spectrum of every individual pixel enables the quantification of the local
atomic concentration. Figure 7.3a-e shows the concentration maps for the elements
in the CIGS absorber (for intensity maps see figure A.10 in the appendix). A slight
compositional gradient is present in vertical direction (see white rectangle in figure
7.3a), which can be explained by partial attenuation of the CIGS fluorescence signal by
the contact grid. Indeed this effect is pretty low, as shown by an almost homogeneous
Se distribution in figure 7.3d, which coincides with the expected stoichiometry of
50 at.% of Se in Cu(In,Ga)Se2. Nevertheless, the following data analysis focuses on
relative variations on a very small scale.
Figure 7.3e shows Rb segregations in specific regions featuring a net-like distribution
with line and point-like shapes. In previous investigations on CIGS solar cells and espe-
cially on cross-sectional lamella prepared out of the same solar cell, Rb agglomerations
were found at random grain boundaries [57, 59]. Therefore, the line like features can be
attributed to Rb-enriched random grain boundaries, which are almost perpendicular
to the solar cell layers. Accumulations of very small grains with random orientation of
adjacent grains were found close to the back contact for this cell [57] and explain the
point-like characteristics in figure 7.3e. At the interfaces to the front and back contact
an increased Rb content was observed as well [57]. In the presented top view geometry,
the hard X-ray beam enters the solar cell perpendicular, thus slight variations at the
interfaces and at random grain boundaries, which are parallel or exhibit a shallow
angle to the layer interfaces cannot be detected.
By comparing the Rb distribution with the remaining absorber elements, a clear
anti-correlation pattern to the Cu map can be observed in figure 7.3a, i.e., higher Rb
concentrations correspond to Cu depletion. These findings are in excellent agreement
to the lamella investigations [57], but also to atom probe tomography measurements
[59]. A similar inverse anti-correlation pattern can also be identified for In and Ga
in figure 7.3c and d. The white ovals indicate regions where In is enriched while
the Ga concentration is depleted. In fact, this vice versa behavior of In and Ga is
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Figure 7.3.: Atomic concentration maps for the elements present in the CIGS absorber (a-e) obtained
by fitting the nano-XRF spectrum of each individual pixel using the PYMCA code [211]. (f) XCE map
calculated from the XBIC signal in figure 7.2c. The red and violet ovals mark regions with a reduced
XCE, while the white/black ovals mark regions with an increased XCE, In enrichment, and Ga depletion.
The yellow arrows indicate the positions of the line profiles shown in figure 7.4.
expected, since both elements share one lattice site. Finally, the Se map owns an almost
homogeneous distribution with a concentration of approximately 50 at.% in excellent
agreement to the initial growth conditions and the nominal stoichiometry.
Variations in composition, especially of the incorporated Rb, can influence the local
efficiency. The latter is reflected in the simultaneous measured XBIC signal. Compo-
sitional dependent electron-hole pair generation efficiencies and thickness variations
influence the XBIC signal. Therefore, the X-ray collection efficiency was calculated for
each pixel according to section 2.3.4 and plotted in figure 7.3f. In particular, the XCE is
a measure for the number of electron-hole pairs that are collected per absorbed photon.
The most striking areas in figure 7.3f (see red and violet ovals) are the same as already
deduced in figure 7.2c, showing a significantly reduced collection efficiencies, which
do not correlate with the elemental distribution. It is indeed difficult to deduce the
origin, as several options have to be taken into account such as defects, interface
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recombination, local shunts, or a locally enhanced series resistance of particular grains.
Furthermore, void formation or the delamination of the absorber or buffer layer causing
a missing contact towards the front or back contact is rather unlikely, since it was not
observed in the respective cross-sectional STEM investigation [57].
The areas marked by white and black circles/ovals in figure 7.3b,c, and f exhibit an
anti-correlation pattern between the In and Ga concentrations correlating with an
enhanced XCE. Following the Rb distribution in figure 7.3e and accordingly the grain
boundary positions, these areas seem to be grains with an increased In concentrations.
Several aspects could contribute to this interrelation: A change in the In/Ga ratio
introduces a band bending by decreasing the conduction band minimum towards the
grain interior [76, 77]. The resulting force drags the electrons away from the grain
boundaries where the recombination probability is expected to be higher [33, 34, 108]
and explains the local increase in efficiency. However, even though the XCE is corrected
for different absorption probabilities, subsequent effects of the hot electrons generating
electron-hole pairs (such as electron-scattering, Auger-effects, etc.) might not be fully
addressed by the formula derived by Stuckelberger et al. [217].
Lateral variations within the composition and XCE maps make it difficult to observe
small changes at grain boundaries. Therefore, figure 7.4a-c shows three line profiles
extracted perpendicular across representative random grain boundaries (see yellow
arrows in figure 7.3e and f). Here, narrow and bright Rb accumulations were used, as
they are very likely perpendicular to the cell surface/scanning plane. The line profiles
corroborate the previous mentioned anti-correlation of Cu and Rb deduced from the
2D maps. An increased Rb concentration is accompanied by a Cu reduction at the grain
boundaries, whereas the reaming cations are homogeneously distributed. Additionally,
a slight enhancement of the Se content in line profile a and c might be visible within
the noise level of the experimental approach. The impact of the grain boundaries on
the electrical signal is reflected in the XCE signal, which is dominated by the adjacent
grains due to varying efficiencies. However, the scans reveal different features for
the grain boundaries. In figure 7.4a the XCE signal is slightly enhanced, whereas
in figure 7.4b the signal is smooth within the experimental uncertainty. Therefore,
the Rb-enriched grain boundaries do no influence the local collection efficiency and
might even have a positive effect. Previous EBIC and cathodoluminescence studies
on CIGS solar cells without Rb-PDT reported on detrimental effects of random grain
boundaries caused by defect states [33, 34, 108]. Thus, these findings strongly indicate
a partial passivation of defects at random grain boundaries by Rb. In contrast, the XCE
signal in figure 7.4c has a dip at the grain boundary position. Furthermore, point-like
92
7.4. Impact of the local absorber composition to the collection efficiency
Figure 7.4.: Five lines profiles extracted along the yellow marked arrows in figure 7.3. The line profiles
were averaged over a width of 250 nm (5 pixel). The black dashed line in (a-d) marks the Rb-enriched
grain boundary, while the the gray background roughly marks the full width half maximum of the Rb
signal. The measurement uncertainty is illustrated by the colored shades (covered by the line thickness
in the XCE for a and e).
shapes in the Rb map were assigned to agglomerations of small grains with random
orientation to each other. A representative line profile of such a spot is shown in figure
7.4d and shows a slightly reduced signal as well. Thus, these features seem to be still
detrimental because not all grain boundaries are sufficient passivated by Rb. Therefore,
further knowledge about the different grain boundary types is of exceptional interest.
Additionally, it should be beneficial to avoid small grains at the back contact during
the absorber synthesis. The last line profile in figure 7.4e again highlights the inverse
In/Ga gradient towards the grain interior and corroborates the band bending likely
causing an increased XCE signal.
To investigate the general impact of lateral variations on the overall efficiency cor-
relation plots were generate out of area A (see figure 7.3e and f). In figure 7.5 the
concentration of the different absorber elements are plotted as a function of the corre-
sponding XCE signal for every pixel independently. The area was defined in a way to
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Figure 7.5.: Correlation plots, showing the concentrations of the absorber elements as a function of the
XCE signal in the yellow marked area A in figure 7.3e and f. The black lines represent the respective fit
through all data points, to guide the eye on the trend.
mostly exclude the bright spots in the Rb map, as they showed a reduced collection
efficiency. The most conspicuous trend can be observed in the concentration of In
and Ga. However, the syllogism ”more In results in a higher collection efficiency” is
misleading when applied to the integral concentration, considering the previously
discussed microstructural view. Consequently, the increase in the local collection effi-
ciency for higher In content is not necessarily attributed to a better solar cell efficiency
for In-richer absorbers but likely to the band bending in individual grains and their
interfaces. For the remaining elements no distinct correlation can be observed. Indeed,
this was expected for Se, since it is almost homogeneously distributed within the
absorber. Accordingly, the fluctuations in figure 7.5d is almost random with no signif-
icant influence on the local collection efficiency. The most interesting compositional
correlations are those of Cu and Rb, as they are direct indicators of random grain
boundaries. In the case of a detrimental effect of these grain boundaries a clear corre-
lation with the local collection efficiency for both elements should be present, as Cu
is depleted and Rb is enriched. Furthermore, the interrelations should have opposite
trends. However, neither of the two elements shows such a behavior. Especially, the
Rb correlation plot in figure 7.5e, which is the best indicator for the grain boundaries,
shows no correlation with the local collection efficiency. Therefore, most Rb-enriched
grain boundaries have no detrimental effect on the overall collection efficiency. In
consequence, the random grain boundaries are most likely passivated to a large extend,




In-operando investigations of a highly efficient CIGS solar cell subjected to a RbF-PDT
gave access to the local composition and local collection efficiency by simultaneous
nano-XRF and nano-XBIC measurements in top-view geometry. The front contact
elements covered the complete investigated area and slight fluctuations were identified,
which were assigned to the surface morphology. However, these fluctuations had no
influence on the locally induced current. Despite probing in top-view geometry the
technique allowed to detect the Rb distribution spatially resolved on a nanometer
scale within the absorber. It agglomerates in selected areas, forming line and point-like
shapes. The Rb accumulation is accompanied by Cu depletion, while the remaining
absorber components remain unchanged. Furthermore, an increased In concentration
within the grains was identified accompanied by Ga depletion, while a vice versa trend
towards the grain boundaries was observed. Independent on the cation distribution,
Se was found to be almost homogeneously distributed. The observed compositional
variations beneficially affect the collection efficiency. Generated electrons are dragged
towards the grain interior by the In gradient, which induces a band bending. Finally, the
random grain boundaries, identified by Rb, mainly showed no significant correlation
with the collection efficiency. This strongly indicates partial or complete passivation of
these grain boundaries by Rb.
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8. Conclusion and outlook
Thin film chalcogenide and kesterite solar cells are promising technologies being
part of the solution for climate change. They are, above all, characterized by the low
material expenditure, energy-efficient production, and non-toxic constituents [14–16].
Furthermore, they show long-term stability and have a short energy payback time
[14, 15, 17–20]. However, their efficiency is lower than the theoretically predicted
limit. Thus, it is of particular interest to explore the performance-limiting features
of these emerging materials. Therefore, three key challenges were considered within
this thesis: (i) The local absorber composition along with possible compositional and
structural inhomogeneities on different length scales were investigated to understand
the performance-limiting properties in thin film solar cells. (ii) The presence, localiza-
tion and role of Ge after the synthesis of Ge-doped CZTSe absorbers was analyzed, to
understand the beneficial effect of Ge. (iii) Investigations of the electrical properties of
Rb-enriched random grain boundaries in CIGS solar cells were conducted to exam-
ine whether they have a negative influence on the efficiency. Advanced synchrotron
nanoprobe-based and electron microscope techniques as well as in-operando electrical
characterizations provided insights to these challenges.
Chapter 5 addressed the first two key challenges. Highly efficient Ge-doped CZTSe
solar cells with three different nominal compositions and levels of performance were
synthesized in a sequential process by IREC. The preparation of cross-sectional lamel-
lae enabled to determine the spatially resolved composition and their correlation with
structural and microstructural properties. Morphological STEM investigations revealed
large grains but also detrimental voids at the back contacts interface. For the main
absorber components, an almost homogeneous elemental distribution, independent of
the nominal composition, was identified by EDS and XRF. The quantification of the
local composition by EDS almost coincided with the nominal off-stoichiometric com-
position; however, small variations could be identified for the Zn/Sn ratio. Thus, most
regions in the absorbers were assigned to the off-stoichiometry type A featuring the
beneficial Cu vacancies and only a few regions exhibited off-stoichiometry types with
performance-limiting defects. This highlights the possibility to grow off-stoichiometric
CZTSe free of secondary phases for a wide compositional range using the sequential
process. Furthermore, XRF analysis showed subtle compositional variations at the
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hetero-interfaces. In consequence, the varying performances were assigned to different
doping levels and the formation of detrimental defect complexes, while the main
performance limitation was found at the interfaces.
Additionally, it was demonstrated by nano-XRF analysis that Ge remains in the ab-
sorber after the synthesis where it is heterogeneously distributed. While small amounts
incorporated within the grains likely have a negligible impact on the VOC, the absence
of Ge at random grain boundaries was detected, which leads to an attractive force
for electrons and likely slightly lessens the overall beneficial effect of Ge. Moreover,
nano-XANES measurements revealed detrimental nanoscale GeO2 secondary phases,
which should be avoided during the growth process, even though the improvement
in the conversion efficiency might be rather small due to their low concentration and
small size.
Based on these new insights, future work should focus on the minimization of holes
at the back contact to decrease the series resistance. The main compositional non-
uniformity associated with detrimental point defects was detected at the interfaces.
Thus, an effective strategy needs to be developed to either avoid these fluctuations,
remove this transition layer, or passivate the detrimental defects, present in this layer.
Although the absorber does not seem to be the main limitation, detrimental Ge-poor
random grain boundaries were found, which likely limit the efficiency. To elucidate
their impact, complementary measurement methods like EBIC, XBIC, or CL measure-
ments should be applied to the same lamellae, which allows for a comprehensive
understanding on the carrier recombination.
Chapter 6 addressed the first key challenge and investigated compositional and mi-
crostructural properties of highly efficient CZTSSe absorbers, prepared by IMRA
Europe in a non-toxic spray coating process. Compositional investigations by EDS and
nano-XRF on absorbers with a nominal Cu-poor and Zn-rich composition revealed the
formation of a Mo-Cu-(S,Se) interface layer between Mo and CZTSSe. Furthermore,
compositional analysis showed the coexistence of ZnS(Se) secondary phases along
with CZTSSe. The kesterite composition remained Cu-poor and Zn-rich although, on
average, less Cu-poor and Zn-rich compared to the initial conditions. This proved the
possibility to grow off-stoichiometric CZTSSe and that the cation ratios are not con-
strained to 1. Synthesis conditions close to stoichiometry showed no secondary phase
segregations and the smallest deviation between nominal and integral measured com-
position. Despite the absence of ZnS(Se), the stoichiometric grown sample possessed
the lowest conversion efficiency. This could be linked to local compositional variations
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within the absorber, connected to detrimental defects and the formation of Cu-rich
domains, featuring detrimental defect complexes. In contrast, Cu-poor and Zn-rich
absorbers showed less detrimental defects, more domains with the A off-stoichiometry
type, and no indication for harmful defect complexes. In this context, the Cu-poorest
and Zn-richest growth condition lead to the highest conversion efficiency, despite the
formation of the highest amount of ZnS(Se) secondary phases that were also the biggest
in size. This indicates that ZnS(Se) secondary phases are not the main limitation at the
current level of performance. Furthermore, an increased Cu content and reduced Zn
content was identified by nano-XRF at specific grain boundaries, which likely reduces
the p-type conductivity and enhances the carrier recombination. In addition to the
variations in the cation distribution, fluctuations in the cation concentrations were
identified, resulting in a reduced effective band gap, harming the VOC.
To overcome the efficiency limitation, future research should focus on a more ho-
mogeneous elemental distribution in Cu-poor and Zn-rich absorbers but also on the
suppression of ZnS(Se) secondary phases, as they are the reason for the discrepancy
between nominal and realized composition. In fact, growth of homogeneous absorbers
that are free from secondary phases is one of the biggest challenges for kesterite. Chang-
ing the growth conditions from a tri-molecular process towards mainly bi-molecular
might help to enhance the absorber quality similar to the findings in chapter 5 and
reference [50]. This might be achieved either using tri-molecular colloids or by small
amounts of Ge. Moreover, the diffusion of Cu into the Mo(S,Se) might promote the
formation of ZnS(Se) secondary phases as well as voids and should be avoided.
In chapter 7, the first and third key challenge were addressed in a combinatorial
approach by tracking the local composition and collection efficiency at the nanometer
scale. The measurements were performed in top view geometry on a RbF post deposi-
tion treated CIGS solar cell prepared in a multi stage co-evaporation process from the
ZSW. Fluctuations of the collection efficiency between different areas on the solar cell
were observed. The most prominent areas possessed a strongly decreased collection
efficiency, which could not be explained by non-uniformity of the window layer and
did not correlate with the local composition. It was also demonstrated that an increased
XCE is present in In-enriched grains. This was attributed to the band bending and the
related force dragging the electrons towards the grain interior. The high sensitivity of
nano-XRF and nano-XBIC also enabled to detect the Rb agglomerations at random
grain boundaries and the effect on the collection efficiency. Rb agglomerations were de-
tected in selected regions forming line and point-like structures. The line shapes could
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be assigned to single grain boundaries perpendicular to the solar cell layer and showed
mostly no significant correlation with the XCE. However, point-like structures, which
are most likely accumulations of small grains with random orientation to each other,
showed a reduced XCE. These results indicate that most random grain boundaries are
partially or completely passivated by Rb, whereas the agglomerations of small grains
are detrimental to the performance.
Based on these new findings, agglomerations of small grains should be avoided to
further enhance the efficiency. Additionally, a minor amount of grain boundaries that
were not sufficiently passivated was found. Complementary measurement methods
should be used to understand the difference to the passivated ones. Of particular inter-
est are the areas where the XCE has drastically decreased, as these are likely to have a
major impact on the efficiency. Here, it is also important to facilitate complementary
techniques in order to understand the origin and to avoid such regions in future cells.
Furthermore, it is interesting to expand this kind of characterization technique to CIGS
solar cells treated with different alkali metals, but also to the kesterite-based solar cells.
More insights into the local electrical characteristics will be gained by measuring XBIC
voltage dependently, which then denotes as X-Ray beam induced voltage (XBIV) [216,
310]. This technique enables to measure complete I-V curves at the nanoscale and gives
access to the local key photovoltaic parameters.
The experimental results on compositional, structural, and functional investigations
of kesterite and chalcogenide thin film solar cells have successfully addressed the
three key challenges. They provide a valuable contribution to the understanding of
performance-limiting features on different length scales. This might help to develop
future kesterite and chalcogenide solar cells with higher efficiencies, making them
an energy and material-conserving complement to the widely used silicon solar cells.
Both silicon and alternative solar cells are urgently needed to reach the objective of
decarbonized energy production and thus compliance with the Paris Agreement.
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Rodrı́guez, M. León, I. V. Bodnar, V. Izquierdo-Roca, R. Caballero, Solar Energy
Materials and Solar Cells 2016, 158, 147–153.
[201] M. Grossberg, K. Timmo, T. Raadik, E. Kärber, V. Mikli, J. Krustok, Thin Solid
Films 2015, 582, 176–179.
[202] D. B. Khadka, J. Kim, The Journal of Physical Chemistry C 2015, 119, 1706–1713.
[203] C. J. Hages, S. Levcenco, C. K. Miskin, J. H. Alsmeier, D. Abou-Ras, R. G. Wilks,
M. Bär, T. Unold, R. Agrawal, Progress in Photovoltaics: Research and Applications
2015, 23, 376–384.
[204] S. Kim, K. M. Kim, H. Tampo, H. Shibata, K. Matsubara, S. Niki, Solar Energy
Materials and Solar Cells 2016, 144, 488–492.
[205] S. Kim, K. M. Kim, H. Tampo, H. Shibata, S. Niki, Applied Physics Express 2016,
9, 102301.
[206] Y. E. Romanyuk, S. G. Haass, S. Giraldo, M. Placidi, D. Tiwari, D. J. Fermin,
X. Hao, H. Xin, T. Schnabel, M. Kauk-Kuusik, P. Pistor, S. Lie, L. H. Wong,
Journal of Physics: Energy 2019, 1, 044004.
[207] R. Haight, X. Shao, W. Wang, D. B. Mitzi, Applied Physics Letters 2014, 104,
033902.
[208] A. L. Ulery, L. R. Drees, Methods of soil analysis, Repr, SSSA Soil Science Soc. of
America, Madison, Wis., 2012, 387–463.
[209] R. van Grieken, A. Markowicz, Handbook of X-ray spectrometry, 2nd ed., rev. and
expanded., Marcel Dekker, New York, 2002.
113
Bibliography
[210] E. P. Bertin, Principles and Practice of X-Ray Spectrometric Analysis, Second Edition,
Springer US, Boston, MA, 1975.
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Rodriguez, S. López-Mariño, F. A. Pulgarı́n, O. Vigil-Galán, A. Pérez-Rodrı́guez,
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Agudelo, O. Vigil-Galán, A. Pérez-Rodrı́guez, E. Saucedo, Journal of the American
Chemical Society 2012, 134, 8018–8021.




[256] N. Vora, J. Blackburn, I. Repins, C. Beall, B. To, J. Pankow, G. Teeter, M. Young,
R. Noufi, Journal of Vacuum Science & Technology A: Vacuum Surfaces and Films
2012, 30, 051201.
[257] M. Ganchev, J. Iljina, L. Kaupmees, T. Raadik, O. Volobujeva, A. Mere, M.
Altosaar, J. Raudoja, E. Mellikov, Thin Solid Films 2011, 519, 7394–7398.
[258] W.-C. Hsu, I. Repins, C. Beall, C. DeHart, B. To, W. Yang, Y. Yang, R. Noufi,
Progress in Photovoltaics: Research and Applications 2014, 22, 35–43.
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A. Pérez-Rodrı́guez, S. Siebentritt, Applied Physics Letters 2011, 98, 101907.
[260] A. Redinger, S. Siebentritt, Applied Physics Letters 2010, 97, 092111.
[261] T. Taskesen, J. Neerken, J. Schoneberg, D. Pareek, V. Steininger, J. Parisi, L.
Gütay, Advanced Energy Materials 2018, 8, 1703295.
[262] M. Neuschitzer, M. E. Rodriguez, M. Guc, J. A. Marquez, S. Giraldo, I. Forbes,
A. Perez-Rodriguez, E. Saucedo, Journal of Materials Chemistry A 2018, 6, 11759–
11772.
[263] S. Giraldo, S. Kim, J. A. Andrade–Arvizu, X. Alcobé, C. Malerba, M. Valentini,
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A. Appendix
The appendix contains additional information, which is not necessary for the under-
standing of the main part of this thesis. However, the figures and tables shown below
provide a valuable contribution for a comprehensive presentation of the results.
A.1 SEM image and EDS intensity maps of the CZTSe
reference sample
Figure A.1.: SEM image (a), and EDS intensity maps (b-e) of a lamella, taken of a stoichiometric,
single-phase powder grain. The orange rectangle in (a) mark the area where EDS measurements were
conducted. The average thickness of this lamella was approximately 310 nm.
i
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A.2 SEM image and nano-XRF intensity maps of the
CZTSe reference sample
Figure A.2.: SEM image (a), and fitted nano-XRF intensity maps (b-e) of a lamella, taken from a
stoichiometric, single-phase powder grain. The orange rectangle in (a) mark the area where XRF
measurements were conducted. The average thickness of this lamella was approximately 160 nm.
A.3 Region of interests of AZtec®
Table A.1.: ROI’s AZtec® uses to determine the fluorescence intensity of an element.
ii
A.4 SEM image and nano-XRF intensity maps of the
CZTSe:Ge solar cell S2
Figure A.3.: STEM-DF image and fitted nano-XRF intensity maps of the Mo back contact (b) and the
four absorber elements (c-f) with nominal composition S2. The orange rectangle mark the region
which is suited to calculate the relative maps in figure 5.10. The average thickness of this lamella was
approximately 260 nm.
A.5 SEM image and nano-XRF intensity maps of the
CZTSe:Ge solar cell S3
Figure A.4.: SEM image and fitted nano-XRF intensity maps of the Mo back contact (b) and the




A.6 All-Euler+BC and IPF+BC map taken on the
CZTSe:Ge solar cell S1
Figure A.5.: (a) all-Euler+BC map obtained from an EBSD scan. The Euler angels of each grain were
used to calculated the different grain orientations in (b), where the IPF+BC map is shown. The highly
symmetrical Σ3 twin boundaries are highlighted by white lines in both maps.
A.7 Comparison between nano-XRF and EDS
measurements
Figure A.6.: (a) SEM image of the same lamella as shown in figure 6.1 and 6.6. The orange and cyan
rectangles mark the regions where nano-XRF and EDS measurements were performed. (b) HAADF-
STEM image revealing different grain boundaries in the absorber layer. Deviation of the cation ratio
from the respective mean value for the Cu/(Zn+Sn) and Zn/Sn ratio (c,d) and EDS intensity maps (e,f).
The white rectangle marks the region which was investigated by both techniques, whereas the circles
and arrows indicate new features in the deviation maps which are not or not clearly visible in the EDS
maps.
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A.8 Deviation of the cation atomic concentration of the
CZTSSe absorbers C1, C2, and C3
Figure A.7.: Deviation of the cation atomic concentration for Cu, Zn and Sn from the respective mean
value. These maps were calculated by subtracting the mean value of a particular map from the actual
value of every individual pixel for the CZTSe reference and the three different compositions C1-C3.
Here, cation atomic concentration denotes the percentage of a particular cation with respect to all
cations, e.g., Cu/(Cu+Zn+Sn). The gray areas mark the regions where no CZTSSe absorber was present,




A.9 SEM image and nano-XRF intensity maps of the
CZTSSe absorber C2
Figure A.8.: SEM image and fitted nano-XRF intensity maps of the Mo back contact (b) and the four
absorber elements (c-f) of the same lamella C2 shown in figure 6.3. The orange rectangle mark the region
which is suited to calculate the relative maps in figure 6.7.
A.10 SEM image and nano-XRF intensity maps of the
CZTSSe absorber C3
Figure A.9.: SEM image and fitted nano-XRF intensity maps of the Mo back contact (b) and the four
absorber elements (c-f) of the same lamella C3 shown in figure 6.4. The orange rectangle mark the region
which is suited to calculate the relative maps in figure 6.7.
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A.11 Nano-XRF intensity maps and nano-XBIC signal of
the RbF post-deposition treated CIGS solar cell
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C. Ehrenwörtliche Erklärung
• Die SEM und STEM Bilder in Kapitel 5 wurden in Zusammenarbeit mit Dr. Sven
Schönherr und Oliver Rüger aufgenommen.
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